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Quote
The creatures which can stand the ’storm of stress’ of [...] changes which occur in the
environment, by undergoing modification of [...] the structures which they get congenitally -
these creatures will live; while those which cannot, will not.
Baldwin (1896), first seen in Chevin (2013)
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Abstract
Diatoms contribute about 50% of global primary production and are on of the most diverse
phytoplankton groups. Additionally, they form the basis of most marine food webs and play an
important role in elemental cycles such as carbon and silica. Global warming impacts the
diversity and productivity of marine ecosystems as temperature is considered a strong selecting
agent underpinning global diversity patterns of marine phytoplankton. In order to gain insights
into diatom distribution and diversity in the Atlantic Ocean, we analysed 18S rDNA ribotypes
over a broad spatial scale from the Fram Strait to the South Atlantic. Diversity patterns were
related to environmental metadata in order to identify main drivers. Our results indicate that
salinity had a negative effect on diatom diversity in the Fram Strait transect with stations showing
low diversity at high salinities. In contrast, diatom diversity in the Atlantic Ocean was negatively
correlated to temperature with high temperature showing low diatom diversity. The order of
Coscinodiscales showed a, formerly unknown, cosmopolitan distribution and was the overall
most abundant species. With this study we provided an updated estimate of diatom distribution
and diversity in the Atlantic Ocean.
Phytoplankton physiology is highly temperature dependent and despite the importance of
temperature as a major driver of marine phytoplankton evolution, the molecular mechanisms of
adaptive evolution under temperature selection are largely unknown but instrumental for
predicting how marine phytoplankton will respond to a changing ocean. Here we provide
evidence, based on experimental evolution experiments with the marine model diatom
Thalassisoria pseudonana that thermal tolerance can rapidly evolve within 300 generations. Our
results indicate that upper and lower temperature limits were fixed, however temperature optima
III
for growth shifted towards the selection temperature. Furthermore, temperature had a significant
impact on average cell diameter, bSi content and cellular stoichiometry (C:N:P).
Physiological adaptation to high temperature was underpinned by differential expression of genes
related to protein metabolism (protein binding and folding), and down-regulation of mismatch
repair mechanisms potentially causing a high number of SNPs in the genome. Furthermore,
several transposable elements showed strong, temperature specific up-regulation suggesting
epigenetic enabled genome plasticity. Our results highlight the relation of adaptive pheno- and
genotypes driven by temperature selection. This knowledge is key to our understanding of how
the environment shapes the evolution of microbes and the biogeochemical processes they drive.
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Chapter 1
General Introduction
1.1 The changing ocean environment
Changing and fluctuating (biotic and abiotic) environments have been the driving force for
adaptive evolution over the past billion years, leading from the first simple single cell to complex
multicellular organisms. With the ongoing climate change, conditions are changing at an
unprecedented rate (Doney et al., 2012) and it is unclear how the ocean biota will respond and
what the future ocean will look like. Since the industrialisation, carbon dioxide (CO2) and other
green house gas concentrations have increased. This increase had a severe impact on air and sea
surface temperatures as water has a greater heat inertia than air, acting as a heat sink. Hence, sea
surface temperatures have increased in recent years by on average 0.61°C (IPCC, 2014), and by
almost twice as much in the Arctic (Graversen et al., 2008) - known as ”Arctic amplification”.
In addition to increases in sea surface temperature, oceans are getting more acidic (ocean
acidification) due to the stabilisation of the CO2 equilibrium with the atmosphere. The
acidification of the oceans will decrease the carbonate saturation state and cause enhanced
calcium carbonate dissolution with severe consequences for calcifying organisms (Doney et al.,
2009) such as coccolitophores or pteropods.
In the following sections we will focus mainly on the indirect and direct effects of ocean
warming on marine phytoplankton and more specifically on diatoms.
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1.1.1 Effects of ocean warming on marine phytoplankton
1.1.1.1 Biological pump
The biological and solubility pump draw carbon from the atmosphere driven by biochemical and
physical processes which results in a net flux of carbon to the deep oceans (Figure 1.1.1, biological
pump left, solubility pump right). The solubility pump creates an equilibrium between the ocean
and atmosphere, so when atmospheric carbon concentrations increase, so do the oceans, leading
to ocean acidification. Additionally, the solubility of carbon in the ocean depends on sea surface
temperature with cooler waters having greater solubility than warmer waters. With the formation
of cooler deep waters in the higher latitudes (Arctic Ocean), denser and more acidic waters enter
the thermohaline circulation eventually up-welling close to the equator and carbon dioxide out-
gasing due to the higher sea surface temperatures (Raven and Falkowski, 1999).
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Figure 1.1.1: The biological (left) and solubility pump (right) maintain CO2 gradients between
the atmosphere and ocean. Phytoplankton convert CO2 to organic matter forming the basis of
the marine food web. This organic carbon is mostly respired supporting new primary production.
However, a fraction of the organic carbon is incorporated into aggregates or fecal pellets. These
particles sink through the water column were they are either remineralized by bacteria or reach
the deep sea where the carbon is stored over long timescales. The solubility pump is driven by
concentration differences between the atmosphere and the ocean and depends on temperature. The
polar oceans uptake more carbon from the atmosphere than the tropical oceans as colder waters
have a higher carbon solubility. As carbon dioxide concentrations in the atmosphere increase, the
ocean becomes more acidic due to the solubility pump. Global warming has reduced the efficiency
of the solubility pump to due warmer sea surface temperatures (Graphic from Chisholm (2000).
The biological pump is the biologically driven flux of carbon, through either primary production
(organic carbon pump) or incorporation in shells as calcium carbonate (calcium carbonate pump)
(Volk and Hoffert, 1985; Passow and Carlson, 2012), with the organic carbon pump having a
magnitude higher efficiency in exporting carbon than the calcium carbonate pump (Sarmiento
et al., 2002). Phytoplankton primary production fixes CO2 from the atmosphere through
photosynthesis to produce their organic and inorganic carbon compounds (e.g. lipids, sugars,
carbohydrates). Most of the primary production in the sunlit surface is respired and the nutrients
recycled into new primary production (Raven and Falkowski, 1999). The formation of sinking
particles through aggregation or in form of fecal pellets, is the main driver of particulate organic
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carbon (POC) export to the deep ocean and sediments (Armstrong et al., 2002). While these
particles travel through the water column, they are remineralized by bacteria, providing the
nutrients for new production (Passow, 2002). Only a small fraction reaches the sea floor and is
stored over long timescales. The export efficiency of POC can be enhanced through the ballasting
effect of silicate or calcium carbonate. Calcium carbonate has been shown to have a higher
efficiency than opal as ballast (Klaas and Archer, 2002), however, calcium carbonate is more
susceptible to dissolution by ocean acidification (Riebesell et al., 2000). In contrast, diatoms
form larger aggregates of higher density, and quicker than coccolithophores (Iversen et al., 2010).
Ocean warming might enhance the ballasting effect of diatom frustules as some diatoms grown
under higher temperatures were more silicified (Paasche, 1980). A similar effect has been
observed as a response to predation through copepods (Ragueneau et al., 2006).
Particles sinking through the water column are subjected to respiration by bacteria. Through
respiration inorganic carbon and nutrients are released and mixed into the water column. These
nutrients then get recycled and are available for new primary production. Respiration is
temperature sensitive as it depends on enzymes released by the bacteria colonizing the particle
surface. Thus, with ocean warming, respiration rates are expected to increase, enhancing the
recycling of organic matter in the upper ocean and preventing it from being exported to the deep
sea. It is currently unclear how climate change might effect the efficiency of the biological pump
and if and how the net export of carbon is affected. However, as primary production is a vital
contributor to the biological pump, phytoplankton response to ocean warming can provide
potential insights into biogeochemical cycles of the future ocean.
1.1.1.2 Stratification
Stratification in the ocean is driven by temperature and density changes in the water column with
dense, cold waters at the bottom and warmer, lighter water masses above, forming a barrier
between the water masses. This reduces turbulence in the water column, decreasing mixing depth
which is vital for nutrient fluxes from nutrient rich deep waters to the sunlit surface waters.
However, in temperate and high latitude regions, such as the North Atlantic, the annual onset of
stratification by ocean surface warming and shoaling of the mixing depth, increases light
availability and induces phytoplankton spring blooms (Brody and Lozier, 2015; Mahadevan
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et al., 2012; Siegel et al., 2002). Continued, strong stratification, however, can prevent nutrient
fluxes to the productive, nutrient depleting, surface waters, ultimately reducing phytoplankton
productivity and biomass.
Increases in sea surface temperatures, due to global warming, will affect lower and higher
latitudes differently (Figure 1.1.2). Phytoplankton in the tropical Atlantic Ocean (lower latitudes)
are typically nutrient limited as year round thermal stratification limits vertical mixing. Primary
production will become more limited with ocean warming as vertical mixing and, thus nutrient
supply, is further reduced (Figure 1.1.2, Upper) (Riebesell et al., 2009). These nutrient-poor
oligotrophic areas in the ocean have increased by 15% between 1998 and 2006 as a consequence
of ocean warming and resulting enhanced stratification (Polovina et al., 2008).
Phytoplankton production at higher latitudes is usually light limited due to a deep mixing depth,
reducing the average light intensity. Increasing sea surface temperature and melt water input from
sea ice could increase net primary production as the vertical mixing depth is reduced and thus the
average light intensity increases (Figure 1.1.2, Lower) (Riebesell et al., 2009).
Ocean warming has been suggested to result in a 10°C temperature increase within several
decades for the Arctic Ocean, making polar phytoplankton communities more vulnerable than
their tropical counterparts (Lovejoy et al., 2006). Indeed, changes in water column stratification
have been identified as drivers of changes in phytoplankton abundance, spatial distribution, size
and community structure (Behrenfeld et al., 2006; Finkel et al., 2010; Doney et al., 2012),
potentially impacting marine food webs as almost all life in the ocean depends on phytoplankton
productivity (Behrenfeld et al., 2001).
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Figure 1.1.2: Summary of expected changes to water column stratification for low (A) and high
(B) latitudes (from Riebesell et al. (2009).
1.1.1.3 Distribution shifts
Marine organisms, experiencing continuous change in their habitat can respond by acclimating
their physiology within their current limits, or by tracking their niche in space (distribution shifts)
and time (phenological shifts). Several studies have provided evidence that distribution shifts are
already occurring in many terrestrial organisms but also in the marine environment. These
distribution shifts can change local communities by outcompeting local species which might have
negative effects on local food webs. Furthermore, a phenological shift might result in a
decoupling of trophic levels, e.g. phytoplankton and zooplankton bloom (De Senerpont Domis
et al., 2007). However, not only habitat tracking by communities or species can cause community
changes. The northern polar oceans are especially vulnerable to invasion of new species. With
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the reducing ice coverage in the Arctic, the north-west passage allows water exchange between
the North Pacific and North Atlantic (Reid et al., 2007).
In 1999 a diatom species (Neodenticula seminae) endemic to North Pacific waters was reported
in the North Atlantic after a 800,000 year absence (Reid et al., 2007). The diatom now seems to
be well established in the North Atlantic dominating phytoplankton blooms (Reid et al., 2007).
Its invasion might have been possible due to periods of an ice-free Arctic and other species can be
expected to follow. However, this is one extreme example of distribution shifts. A more obvious
scenario, for the Arctic Ocean, is the northern shift of temperate species. Ocean warming might
result in temperature increases in the polar ocean allowing temperate species to colonize this
former secluded environment. Both, warming and species invasion, is a great danger for the well
adapted polar species. Polar species inhabit a small thermal regime and sea surface temperature
(SST) increases might fall outside of their thermal range. The question therefore arises, how
these changes will affect the polar ocean in terms of it food web and biogeochemical cycling, but
also, if polar species can adapt to the rising temperature.
Tropical species are faced with similar situation. The high SSTs in the equatorial Atlantic are
already at the thermal maximum for some species. Further temperature increases might be
outside of their normal range forcing species to either track changes or adapt locally.
Temperature tracking has been observed for many terrestrial species but also for some marine
species like fish, zooplankton and phytoplankton. On average, marine species have travelled 54.6
±11.7 km decade−1 northwards from the equator, a magnitude higher than reported for terrestrial
organisms (Poloczanska et al., 2013). Additionally, highly mobile phytoplankton species have
been found to expand their range by 469.9 ±115.3 km decade−1 (Poloczanska et al., 2013).
These distribution shifts are likely to cause changes to phytoplanklton communities and
consequently, to marine food webs.
1.1.1.4 Changes in communities and food webs
Ocean warming is affecting primary production rates and producer distribution in the world
oceans. These changes to phytoplankton communities might have a great impact on marine food
webs and ecosystem functioning. A long-term study by Li 2002 has shown that smaller
phytoplankton species, picoplankton, increase under ocean warming in nutrient poor lower
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latitudes. Further evidence was provided by Trainor et al. 1993 were Scenedesmus showed
smaller phenotypes under higher temperatures. Increased stratification due to ocean warming
caused declining zooplankton populations of the coast of California as the limited nutrient input
supported less primary production. This has a trickle down effect as zooplankton is a major part
of the food web and important to many species of fish and birds (Roemmich and McGowan,
1995). In contrast, phytoplankton abundance in the higher latitudes has been suggested to
increase due to increasing temperatures and stratification (Richardson and Schoeman, 2004;
O’Connor et al., 2009). However, there might be a potential mis-match begin phytoplankton and
zooplankton abundance as phytoplankton spring blooms occur earlier in the year.
Zooplankton abundance and food web stability is also influenced by the nutritional value of
primary producers. Cyanobacteria are generally considered less quality food due to their low
phosphate content while diatoms and dinoflagellates are of higher quality. Proteins, lipids, fatty
acids and other cellular components contribute to the carbon to nutrient ratio of phytoplankton
and determine the nutritional value as zooplankton food (Sterner and Elser, 2002). As the
nutritional value of phytoplankton changes temperature-driven towards high carbon to nutrient
content (De Senerpont Domis et al., 2014), zooplankton can become nutrient limited. This can be
counteracted by some zooplankton species through compensatory feeding. However, this
potentially increases their carbon intake in relation to nutrients and zooplankton species with a
higher nutrient demand (e.g. Daphnia, Brachionus) have been shown to respond by decreasing
their grazing rates (Sterner and Elser, 2002; Urabe et al., 2003; Jensen, 2004). This may affect
herbivore communities as zooplankton species with a lower nutrient demand (e.g. copepods)
might be able to sustain their growth on high carbon to nutrient ratio phytoplankton (Waal et al.,
2010). Indeed, Atkinson et al. 2004 have reported an increase of salp species (low nutrient
demand) in the Southern Ocean, replacing krill (high nutrient demand).
Even though climate change driven changes to phytoplankton and zooplankton communities
could potentially decouple trophic relationships (Winder and Schindler, 2004) and affect
food-web functioning (De Senerpont Domis et al., 2007) plankton adaptation might mitigate such
effects (Van Doorslaer et al., 2007). Inevitably, higher tropic levels such as fish and seabirds will
be affected by changes in primary and secondary producers (Richardson and Schoeman, 2004).
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1.1.1.5 Photosynthesis
Temperature modulates diatom physiology through its effect on enzyme kinetics (enzymes and
ribozymes) and viscosity of membranes. The temperature dependence of processes, catalysed or
uncatalysed, can be expressed as the temperature coefficient Q10 where a higher (>1) value is
indicative of thermal dependence, a value smaller than 1 indicates a negative temperature
dependence (Eppley, 1972). Photochemical processes, for example, have a Q10 of 1 and thus are
temperature independent. In contrast, Rubisco carboxylase activity in Phaeodactylum
tricornutum has a Q10 of 2.66, meaning that with increasing temperature, Rubisco activity
increases (Raven and Geider, 1988). The combination of temperature sensitive and insensitive
processes in photosynthesis can result in an imbalance between energy absorption and metabolic
sink (e.g. Calvin cycle) when temperature conditions change (Raven and Geider, 1988;
Ensminger et al., 2006). Additionally, physiochemical properties of membranes in response to
temperature changes can affect membrane-bound processes. High temperature photoinhibition
has long been attributed to reduced electron transport due to changes in membrane fluidity and
disassociation of light harvesting complexes from the thylakoid (Horvath et al., 1987; Raison
et al., 1982; Havaux, 1993). More recent work suggests that the reactivation of Rubisco is the
limiting step as, under increased temperature, inactivation rates are higher than Rubisco
activation (Feller et al., 1998; Salvucci and Crafts-Brandner, 2004). This is due to the low
temperature optimum of Rubisco activase and thus not being able to compensate for the faster
rates of Rubisco inactivation (Salvucci and Crafts-Brandner, 2004). In red algae, high
temperature photoinhibition has been linked to diminished electron transport between
phycobilisomes and PSII (Kuebler et al., 1991), while thermal instability of thylakoid
membranes has been linked to photoinhibition in plants (Berry and Raison, 1981).
In contrast, low temperature acclimation mimics responses to high irradiance (Anning et al.,
2001; Maxwell et al., 1994; Krol et al., 1997). Low temperature conditions decrease enzyme
kinetics and decrease membrane fluidity. This can lead to surplus of energy absorption over
photosynthesis causing chlorosis (Geider et al., 1998). If the absorbed light energy exceeds the
cells capacity to distribute it towards photosynthesis or to dissipate it (non-photochemical
quenching NPQ), photodamage occurs as the rate of D1 protein destruction at PSII is higher than
the repair (Melis, 1999). Reduced chlorophyll a (chl a) concentrations can counteract low
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temperature photoinhibition, in addition to the production of photoprotective pigments such as
carotenoids (Davison, 1991; Geider, 1987; Geider et al., 1998). Indeed, chl a concentration have
been shown to correlate inversely with growth temperature for green algae and diatoms (Anning
et al., 2001; Thompson et al., 1992a; Krol et al., 1997). The xanthophyll cycle plays a crucial
role in dissipation of excess energy (Horton et al., 1999). Conversion of light harvesting
pigments to quenching pigments results in an energy sink, as they are unable to pass their
excitation energy to chl a (Horton et al., 1999; Niyogi et al., 2005). Thus, increases in
carotenoids and other xanthophyll could be expected under low temperature conditions. This
photoprotective response has been found in cyanobacteria, diatoms and green algae (Tang and
Vincent, 1999; Va´rkonyi et al., 2002; Anning et al., 2001; Krol et al., 1997). In
Cylindrospermopsis raciborskii carotenoids have been suggested to increase photoprotection due
to restricted movement of quenchers under low temperature (Va´rkonyi et al., 2002).
Membranes consist of lipids built from fatty acids. Saturation states of fatty acids and thus
membrane fluidity can be adjusted by desaturases. Desaturases introduce double bonds into the
chains of fatty acids. This can be done to already established membranes, however, increasing
saturation can only be accomplished by novel synthesis of saturated fatty acids in the chloroplast
(Ohlrogge and Browse, 1995). Membrane fluidity is decreased under low temperature conditions
potentially reducing electron transport through the thylakoid membrane (Morgan-Kiss et al.,
2002) facilitated by Q−A and the plastoquinone pool (PQ) (Horvath et al., 1987). This can be
counteracted by the desaturation of fatty acids of membranes (White and Somero, 1982;
Thompson et al., 1992b). Additionally membrane fluidity plays a crucial role in stabilizing the
state of LHCII (Dubacq and Tremolieres, 1983).
The fluidity of membranes has been suggested as a mechanism with which cyanobacteria sense
temperature (Vigh et al., 1993). Expression of desaturases and heat shock proteins has been
suggested to be induced by the physical state of thylakoid membranes (Vigh et al., 1993; Los
et al., 1993; Horva´th et al., 1998). Furthermore, the PQ can translate energy signals into
biochemical signals regulating expression of genes supporting low temperature acclimation of
photosynthesis and cellular metabolism (Ensminger et al., 2006).
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1.1.1.6 Stoichiometry and size
The elemental composition of diatom cells is modulated by growth rate as well as environmental
conditions, such as temperature. Changes in macromolecule abundance and composition impact
the elemental composition as lipids (mostly C), proteins (mostly N) and ribosomes (mostly P)
contribute to different element pools (Geider and La Roche, 2002). Redfield (Redfield, 1958)
proposed a general elemental ratio of 106:16:1 (C:N:P) for marine phytoplankton which was
based on element concentrations below the thermocline. However, Geider and La Roche 2002
compiled data from a range of marine algae and cyanobacteria, showing that the C:N:P ratio is
rather plastic and can range from 3-13 (C:N) and 7-19 (N:P). Changes to the C:N:P ratio have
been shown to be linked to growth rate (Allen and Gillooly, 2009), but also to temperature
induced changes of resource allocation (Gillooly et al., 2005; Elser et al., 2000). Higher growth
rates have been suggested to require higher concentrations of ribosomes to support the increased
demand of proteins (Elser et al., 1996; Klausmeier et al., 2004). This has consequences for the
cellular phosphate (P) content as ribsomes consist of P-rich rRNA and thus lead to low N:P ratios
(Geider and La Roche, 2002). Therefore, changes in the N:P ratio highlight the balance between
protein and rRNA biogenises (Loladze and Elser, 2011; Klausmeier et al., 2004). Additionally,
low temperature conditions have been suggested to result in increased cellular P quotas as
lowered reaction speeds of protein synthesis can be off-set by more ribosomes (Toseland et al.,
2013).
The observed relation between temperature and organisms size, the ”temperature-size rule”
(TSR), predicts a 2.5% increase in size for every 1°C decrease (Atkinson, 1994). Most diatoms
seem to follow this TSR (Adams et al., 2013), however, sublethal high temperatures can cause
size increases (Atkinson et al., 2003). Additionally, temperature modulates metabolic rates due to
the temperature dependence of enzymes (Gillooly et al., 2001; Peterson et al., 2007). A reduction
in membrane viscosity can have a negative impact on nutrient acquisition as the uptake through
the membrane is slowed. Polar diatoms have a higher acquisition rate for silicic acid compared to
temperate species, but their utilization for growth is less (Stapleford and Smith, 1996). Nitrate
acquisition has been suggested to be inversely related to temperature in marine algae and bacteria
independent of their thermal niche (Reay et al., 1999). In addition, phosphate utilization in
marine phytoplankton appears to be temperature independent (Reay et al., 2001). Reduced
14 General Introduction
nutrient acquisition can be compensated by means of decreasing cell size, increasing the surface
area for nutrient uptake in relation to cell volume (Hein et al., 1995).
1.2 The role of phenotypic plasticity and epigenetics in experimental
evolution with phytoplankton1
Experimental evolution (EE) approaches are increasingly used to investigate evolutionary
processes of organisms to controlled experimental conditions and can be applied to study several
facets of adaptation and evolution (e.g. estimate mutation rates or evaluate evolutionary theories
and concepts) (Kawecki et al., 2012). Examples of EE experiments include studies on organisms
ranging all three domains of life: Bacteria, Archaea and Eukaryota (e.g. Chlamydomonas
reinhardtii (e.g. Bell 1997; Ratcliff et al. 2013; Collins and De Meaux; Perrineau et al. 2013),
Escherichia coli (e.g. Plucain et al. 2014; Lenski et al. 1991; Blount et al. 2012), Saccharomyces
cerevisiae (e.g. Lewis et al. 1995; Dhar et al. 2011; Ratcliff et al. 2012), Arabidopsis thaliana
(e.g. Bond and Baulcombe 2015; Rahavi 2011; Blo¨dner et al. 2007) and Drosophila
melanogaster (e.g. Azevedo et al. 2015; Burke et al. 2010)) shedding light on the general
processes but also specific outcomes of evolution. More recently, researchers have started to use
EE approaches to provide insight into phytoplankton responses to climate change. The ideal
organisms for studying evolution, on a reasonable time scale, have a high turnover rate, are easy
to cultivate, store, manipulate, revive and have different available clones (Collins, 2013).
Organisms investigated in evolution experiments so far included a variety of species from
prokaryotes (e.g. Escherichia coli, Pseudomonas sp.) to eukaryotes (e.g. Chlamydomonas,
Saccharomyces, Drosophila, Emiliania huxleyi, Ostreococcus tauri, guppies (Poecilia reticulata),
and Diatoms) (Collins 2013; van Wijk et al. 2013) experiencing varying selection pressures (e.g.
carbon source, predation pressure, temperature, pH, salinity). Marine phytoplankton possess the
above mentioned qualities, making them good candidates for experimental evolution studies
investigating the effects of global ocean change on their physiology, dispersal and survival.
Marine phytoplankton contribute about 50% of annual global carbon fixation and form the basis
of most marine food webs (Field, 1998; Falkowski et al., 2008). Furthermore, major functional
1This section has been published by Schmidt et al. in ”The role of phenotypic plasticity and epigenetics in
experimental evolution with phytoplankton”, Perspectives in Phycology, 2016.
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groups of phytoplankton play important roles in elemental cycles as carbon fixers, nitrogen fixers,
calcifiers and silicifiers (Tre´guer et al., 1995). Under current climate change, phytoplankton
experience multiple, simultaneous and interacting changes (Boyd et al., 2015a) in their
environment, which affect primary production, community composition and biogeochemical
cycles. How phytoplankton respond to climate change depends on their phenotypic plasticity (the
ability of a single genotype to produce multiple phenotypes) and adaptation (via novel genetic
changes) of organisms within populations which ultimately results in species sorting that affects
the composition of the phytoplankton community (Figure 1.2.1). Quantifying the role each
response plays in phytoplankton adaptation to climate change is an increasingly important field
of research in experimental evolution.
Figure 1.2.1: Species and genotype sorting in mixed phytoplankton communities.
The ability of phytoplankton to respond to climate change on the level of an individual cell can
be largely considered by taking into account their genetic repertoire that underpins the initial
response to a change in environmental conditions and therefore the degree of phenotypic
plasticity. Larger genomes contain a higher diversity and redundancy of genes and therefore
enable the expression of multiple phenotypes from a single genotype (high phenotypic diversity)
and therefore usually generate a higher phenotypic plasticity than for organisms with a smaller
genome (e.g. cyanobacteria) (Koonin and Wolf, 2008; Bentkowski et al., 2015). On the level of
populations, effective population size (Ne) determines how a population is able to respond to
environmental change by genotype sorting without contributions from de novo mutation (Via and
Lande, 1985). Genotype sorting, in asexual organisms, has been shown to lead to the dominance
of one genotype in the population, such that the changes in genotype frequencies then impacts the
average population response (e.g. (Tatters et al., 2013a,b; Collins, 2011; Lohbeck et al., 2013)).
Over selection time scales, mutational supply (mutation rate x effective population size) is also
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important in generating novel heritable variation in fitness on which natural selection can act.
Phytoplankton with a high effective population size are thus likely to have (as standing variation)
or produce (through mutation) standing genetic variation that is available to natural selection.
Furthermore, in large populations changes in allele frequencies are governed more by selection
than by random genetic drift, which means that genetic variants that are nearly-neutral can be
expected to contribute to an adaptive evolutionary response under environmental change (Fisher,
1930; Hare et al., 2011).
Although large microbial populations can have or produce large amounts of genetic variation,
adaptation may be slowed, by the absence of sexual reproduction (Kaltz and Bell, 2002) if
selection happens mainly during asexual growth. This is because sex facilitates recombination
and generates novel genotypes, and counteracts clonal interference, and so the rate of sexual
reproduction will affect the speed of adaptation of microbial populations. Given the difficulty in
identifying sexual reproduction in some phytoplankton species (Chepurnov et al., 2004), an
important future research avenue is to examine the evidence of recombination in phytoplankton
populations using population genetic tools. In addition to adaptive evolution, microbes can also
respond through phenotypic plasticity. It is well known that many phytoplankton species are very
responsive to changing growth conditions due to quickly adjusting their transcriptomes,
proteomes and metabolomes (Armbrust, 2009). However, what orchestrates the regulation of
gene expression, the activity of proteins and metabolites is still largely unknown but key for our
understanding how phenotypic plasticity contributes to adaptation. From models and studies
examining gross phenotypic changes such as growth or photosynthesis rates, there is some
evidence that populations from highly heterogeneous environments, such as coastal seas at higher
latitudes, have larger plastic responses than populations from less variable environments (Schaum
et al., 2013), which further increases their chances of evolving (Draghi and Whitlock, 2012;
Schaum and Collins, 2014). Thus, phenotypic plasticity may provide a buffer against
environmental fluctuations for many phytoplankton that could allow large populations to persist
(Charmantier et al., 2008) and adapt.
What is the mechanistic basis of the physiological differences of highly plastic and less plastic
organisms? Because phenotypic plasticity requires responding to environmental cues, variations
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in sensing the environment and regulation of pathways might explain the observed differences of
plasticity. However, the molecular basis of environmental sensing and regulation of plasticity in
phytoplankton is currently unclear. Physiological responses imposed by a rapidly changing
environment are mainly the consequence of signalling cascades that sense a change in the
environment and response regulators translate signals into an appropriate physiological response.
Several of these sensors and regulators have been identified in plants (mainly Arabidopsis) and a
few in marine phytoplankton (see below).
In addition to changes in the sensory apparatus available to different genotypes or species,
epigenetic marks, like DNA methylation, RNAi and histone modifications dynamically regulate
gene expression that can alter phenotypes (Duncan et al., 2014). Epigenetics (non-genetic
regulation of physiological responses) is known to play an important role in regulating gene and
protein activity in many organisms including phytoplankton in response to environmental
changes which could also underlie differences in plastic responses between genotypes or species.
1.2.1 Epigenetic control of transposable elements
Epigenetics is the study of phenotypic changes that are not caused by changes of the genotype.
Single-celled phytoplankton are typically studied during asexual reproduction, even though many
also reproduce sexually, non-lethal epigenetic marks can be transferred through both reproductive
modes (Maumus, 2009). The major mechanisms involve DNA methylation, histone modification
and RNAi (Bossdorf et al., 2008; Bird, 2007; Fablet and Vieira, 2011) activating, reducing or
disabling gene expression, protein function or histone activity. Epigenetic regulation has been
studied intensively in animals, plants and fungi (Maumus et al., 2011), whereas studies on
phytoplankton are still in their infancy. The most prominent example in plants is the
temperature-mediated epigenetic regulation of a locus responsible for flowering of Arabidopsis in
spring. During colder months, the repressor FLOWERING LOCUS C (FLC) is active, preventing
production of flowers. However, prolonged cold progressively reduces expression of FLC, which
is mediated through methylation marks. Once silenced and favourable temperature and light
conditions are sensed by the plant, flowering is activated (Li et al., 2014). Thermosensory in
Arabidopsis has been shown to be facilitated by histone modification (Kumar and Wigge, 2010).
Under cold conditions the histone H2A.Z replaces H2A wrapping DNA more tightly. This limits
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the translational accessibility of the wrapped region inhibiting gene expression. Increasing
temperatures overcome the tight wrapping giving evidence to a temperature dependent
regulation. More importantly, H2A.Z activity has been shown to be independent of transcription
suggesting direct mechanisms by which temperature epigenetically regulates gene expression.
Genome methylation has been the focus of many epigenetic studies including studies on
phytoplankton and it has been shown that the degree and patterns of DNA methylation seem to
vary greatly across species, ranging from 18% in dinoflagellates (Rae, 1976) and about 6% in the
diatom Pheodactylum tricornutum (Veluchamy et al., 2013). The process of DNA methylation is
less accurate than DNA synthesis ( 1 error for every 104 CG pair (Schmitz et al., 2011) compared
to 1 error for every 106-109 bases copied (Chevin et al., 2010; Klironomos et al., 2013) therefore,
it can more rapidly lead to a diversification of methylation patterns (Bird, 2007), compared to
genetic variation, on which selection can act (Klironomos et al., 2013; Flores et al., 2013). Thus,
epigenetic variation can enhance phenotypic variation at much shorter timescales as the genetic
mutation frequency is much lower (Boyko and Kovalchuk, 2011). Furthermore, epigenetic
variation can exceed genetic based estimates of variation and environmentally induced adaptive
changes in the epigenome can be transferred to future generations (Richards, 2006). For example,
ecotypes of Arabidopsis and single genotypes of yeast showed that natural variation of epigenetic
marks in the absence of genetic variation lead to diverse and adaptive phenotypes (Bossdorf
et al., 2010; Riddle and Richards, 2002; Herrera et al., 2012). Environmentally induced changes
in the methylation pattern can therefore, have similar phenotypic effects as DNA mutations
(Bie´mont and Vieira, 2006). Epigenetic mechanisms in marine phytoplankton are currently
poorly understood. Recent research indicates that DNA methylation, RNAi and histone
modification might be mechanisms used by phytoplankton to control transposable elements (TEs)
(Veluchamy et al., 2013) and foreign DNA (De Riso et al., 2009). A study on DNA methylation
in the diatom Pheodactylum tricornutum revealed that most methylated genes encode important
metabolic pathways and are differentially expressed under different environmental conditions
(Veluchamy et al., 2013). Another study on a marine cyanobacterium (Trichodesmium) suggested
that high nitrogen fixation rates evolved under high CO2 conditions are related to
DNA-methylation activity, however the ultimate mechanism remains unknown (Hutchins et al.,
2015). Other findings suggest that different phytoplankton groups, depending on their
evolutionary history, show functional divergence of epigenetic mechanisms compared to other
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eukaryotes (De Riso et al., 2009). For example, despite the lack of detecting histone proteins in
the dinoflagellate Lingulodinium, expression of histone genes has been reported (Roy and Morse,
2012). Furthermore, only distantly related genes for RNAi core components have been found in
some phytoplankton groups and their absence in others indicates an evolutionary loss of
machinery (De Riso et al., 2009; Maumus et al., 2011).
Transposable elements (TEs) are DNA sequences that can copy or cut a duplicate of themselves
at different places in the genome disrupting gene function, altering levels of gene expression or
triggering chromosomal rearrangements (Maumus et al., 2009). Activation of TEs has been
shown to be related to stressful abiotic and biotic conditions like temperature changes, UV,
nutrient availability and can also be controlled by their methylation status (Hermann et al., 2014).
TEs can cause a great deal of de novo intraspecific genetic variability that is likely to have
phenotypic effects, and can thus produce heritable variation that natural selection can act on
(Casacuberta and Gonza´lez, 2013; Fablet and Vieira, 2011). Retrotransposons are the most
abundant class of transposable elements found in diatoms (Maumus et al., 2011), which can be
induced by environmental stress, and could be a useful tool for marine diatoms to fast-track
adaptation (Mirouze and Paszkowski, 2011). Pheodactylum tricornutum showed, for example, a
highly enhanced activity of a retrotransposon to nitrate starvation, potentially enhancing its
adaptation capability (Maumus et al., 2009). Another class of transposons has recently been
shown to be responsible for the evolution of a irreversible B12-dependent clone in the usually
B12-independent green algae Chlamydomonas reinhardtii. Gene disruption was reversible for
some evolved clones, yet in one clone reversion left a transposon footprint which caused
genetically fixed B12-dependency (Helliwell et al., 2015). However, in both, Pt and
Chlamydomonas, the transposon regulation remains unclear. The epigenome might poses an
additional system on which selection can act on since some epigenetic modifications are
independent of the genetic code (Bossdorf et al., 2008). However, while the lack of empirical
evidence of these processes in marine phytoplankton limits our understanding, it opens up a
whole new field in phycology. An important challenge for todays phycologists will be to address
epigenetic questions in the context of climate change. For example, experimental evolution
studies investigating phytoplankton plasticity to climate change potentially hint to the role of
epigentic processes as some studies (Schaum and Collins, 2014) revealed that phenotypic
plasticity might be attributed to epigenetic modifications. Sequencing the epigenomes of key
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species under changing environmental conditions can therefore provide valuable insight into the
epigenetic toolbox of phytoplankton plasticity.
1.3 Diatoms
Diatoms (Bacillariophyceae) are small ( 2µm to 2 mm), unicellular, photosynthetic, eukaryotic
algae surrounded by a symmetrical ornately structured silica cell wall (frustule). This frustule is
their name giving feature, derived from the greek ”diatom”: dia ”through” and temein ”to cut in
half”. Bacillariophyceae emerged from a secondary endosymbiosis between a photosynthetic
eukaryote, most likely red algal-like, and a heterotrophic eukaryote (Falkowski, 2004), providing
them a distinct genetic make up. Diatom total diversity is estimated to be about 100,000 species,
across 250 genera (Round et al., 1990), however only 2,000 distinct species have been described
genetically (based on rDNA sequences) (Vargas et al., 2015), and are one of the most diverse
eukaryotic lineages. Diatoms can be found in almost every aquatic environment and show a
global distribution. They are key players in biogeochemical cycles of silicate (Smetacek, 1999)
and carbon (Tre´guer et al., 1995) and are the basis of most marine food webs. Furthermore, they
are the most successful taxa in cold sea ice ecosystems (Wilhelm et al., 2006; Arrigo et al.,
2010). In our current marine ecosystems, diatoms constitute one of the most successful groups
(about 1400 to 1800 species) of phytoplankton and produce about 50% of the annual marine
primary production (Nelson et al., 1995; Bowler et al., 2010) which is just as much as the
production of all tropical rain forests.
Traditionally, diatoms are divided into two orders, the radial symmetric Bidulphiales (centrales),
thought to have arisen around 180 Million years ago (Sims et al., 2006), and the bilateral
symmetric Bacillariales (pennales), arisen approximately 90 Million years later (Kooistra and
Medlin, 1996). The pennales are furthermore divided into raphids and araphids, depending on the
presence or absence of a longitudinal groove in the valve (raphe). Raphid diatoms are capable of
”sliding” along surfaces via secretion of polysaccharides through their raphe. This allows
pennate diatoms to colonise surfaces, forming biofilms, while centric species are more abundant
in the open ocean where they can form long chains. Both orders share a common shape
consisting of two halves, a epi- (upper part) and a hypovalve (lower part), which are linked by
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girdle bands (cingulum) (Figure 1.3.1). These parts are held together by a surrounding organic
layer which can obscure frustule observations in the scanning electron microscope.
Figure 1.3.1: The diatom is composed of an epitheca and hypotheca that fit together like a petri
dish. Each theca is composed of the valve face (epivalve or hypovalve) and the valve mantle. The
overlap region of the valves is surrounded by structures referred to as girdle bands and this region
is referred to as the cingulum (From Cox 2014).
The ornamented valves of diatoms are their most prominent and identifying feature (Figure
1.3.2). Classification of diatoms is based on the extent and fineness of pores (areolae), and the
arrangement of other defining structures such as raphes, spines or portulae. Each valve feature
has an important function for the diatom cell, for example, areolae allow gas exchange as well as
nutrient uptake, spines support vertical movement of the cell.
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Figure 1.3.2: Haeckel drawings of diatom species, indicating their beautiful silicified cell wall.
Diatoms usually reproduce asexually by mitosis, however sexual reproduction has also been
observed. During asexual reproduction, each daughter cell takes a parent valve as its new
epitheca. Within the limits of the parent cell a new hypotheca is produced. This process is
thought to cause a cell size reduction with every division. Once a certain size threshold is
reached, cell size is restored by (sexual) auxospore production. However, some taxa restore size
without auxospore production or show no decrease in size.
Observation of sexual reproduction in diatoms is inherently difficult and has only been reported
for a small fraction of the described species (Round et al., 1990; Armbrust and Galindo, 2001).
Sexual reproduction differs between centric and pennate species. Gametogenesis occurs at the
end of meiosis and zygotes develop into auxospores. Within the boundaries of the auxospores, a
new, bigger cell is produced.
Another stage in the diatom life cycle, can be the formation of resting spores. Their formation
can be induced by environmental stress like temperature changes or nutrient depletion. The
ability of forming resting spores differs between species and individual cells. For example, only
cells of a certain size are able to produce resting spores while for some species every cell has the
potential to form one (French and Hargraves, 1985). Resting spores can be much denser than
vegetative cells and can therefore sink to the sea floor until they are revived by favourable
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conditions. This is thought to be one mechanism of spring bloom seeding in the polar ocean.
1.3.1 Endosymbiont theory
Diatoms have a distinct genetic make up that is heavily influenced by their evolutionary history.
While glaucophytes, green and red algae plastids are based on a primary endosymbiosis event,
diatoms and other members of the chromalveolate supergroup originated from a (single)
secondary endosymbiosis event (Figure 1.3.3) (for a most up to date review see Hopes and Mock
2015).
Primary endosymbiosis involved a non-photosynthetic eukaryote engulfing a cyanobacterium
resulting in a two membrane photosynthetic apparatus (Falkowski, 2004). This explains the
monophyletic origins of all eukaryotic plastids which has occurred around 1.8 billion years ago
(Gould et al., 2008; Keeling, 2010). Later evolution of multicellularity in the green algal
lineages, gave rise to terrestrial plants (Wodniok et al., 2011). As part of the establishment of the
cyanobacterium in the host, a thousand cyanobacterial genes were transferred to the host genome,
while the chloroplast genome was reduced to a few hundred genes (Prihoda et al., 2012).
In contrast, secondary endosymbiosis, giving rise to diatoms (red algal and green endosymbiont)
and other chromalveolates (green, and/or red endosymbionts) (Moustafa et al., 2009; Deschamps
and Moreira, 2012), resulted in plastids with three or four membranes (Chaal and Green, 2005).
From the outside to the inside, these membranes originate from the exosymbiont endomembrane,
the plasma membrane of the second endosymbiont and the two membranes from the primary
plastid (Chaal and Green, 2005). In addition to the green and red algal endosymbiont, evidence
of a chlamydial primary endosymbiont has been found, providing novel functional genes (Allen
et al., 2006). The incorporation of endosymbiont genes into the host genome is thought to
underpin the chimeric diatom genomes (Armbrust et al., 2004; Falkowski, 2004; Bowler et al.,
2008) and probably contributed to the high diversification of Bacillariophyta (Prihoda et al.,
2012). This allowed them to adapt to a variety of habitats and cope with a wide range of
environmental conditions.
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The mix and match nature of diatom genomes becomes even more evident by the following
examples. The urea cycle allows metabolising complex organic nitrogen compounds and the
excretion of nitrogenous waste products. This cycle was thought to be only present in metazoans,
however, it is has been found in several diatoms (e.g. Thalassiosira pseudonana) and allows
rapid recovery after prolonged nitrogen limitation (Allen et al., 2011). Additionally, diatoms
have the ability to breakdown fatty acids (fat) and using the generated energy to produce
metabolic intermediates (Chan et al., 2013). This is especially advantageous for survival in polar
oceans with long periods of darkness (Strauss, 2012). These and other examples underpin the
characterization of diatoms as neither plants nor animals (Armbrust, 2009).
Figure 1.3.3: Schematic representation of the endosymbiont theory with highlighted (black box)
heterokonts to which diatoms belong. From Hopes and Mock 2015, courtesy of Amanda Hopes.
1.3.2 Thalassiosira - Thalassiosira pseudonana (Hustedt) Hasle et Heimdal
The diatom under investigation in chapter three and four is the species Thalassiosira pseudonana
(Hustedt) Hasle et Heimdal (Tp) which belongs to the cosmopolitan genus Thalassiosira. Tp is a
small (less than 10µm) cylindrical diatom with circular valves (Figure 1.3.4). It has a ring of
fultoportulae around the valve mantel, which allow excretion of chitin fibres to increase buoyancy
(Morin et al., 1986). Tp was first isolated in 1958 from a coastal location at Moriches Bay, New
York, US and has since been maintained in culture collections. It has been shown that Tp
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maintains high growth rates over a wide range of salinities (0.5-37‰) (Guillard and Ryther,
1962). Tp has been originally classified as Cylothella nana, a fresh water species, and it has been
shown phylogenetically that Tp is conspecific to the Cylothella genus (Alverson et al., 2011).
Alverson et al. (2011) furthermore suggest that based on the morphological and phylogentic
analysis, Tp falls within the Cylothella genus and conclude to resurrect Tp’s original, Cylothella
nana.
Tp’s genome (34Mb, 24 chromosomes, 11,242 protein-coding genes) has been sequenced in
2004, revealing unanticipated metabolic pathways (e.g. Urea cycle) and providing insights into
the mosaic nature of diatom genomes. Additionally, most transcription factors in the Tp genome
belong to the heat shock families, giving temperature a important role in regulating gene
expression. Other mechanisms to likely impact gene expression are chromatin binding and
condensation related or through regulation of RNA processing. These mechanisms act on
transcription and translation, however, several transposons have been found in Tp’s genome
(Armbrust et al., 2004), which can impact protein function, by introducing single nucleotide
polymorphisms or insertions. In 2006 Poulsen et al. (2006) reported the first genetic
transformation system for Tp. Together with the development of expression vectors, this has
enabled diatom genomics and established Tp as a model organism.
Figure 1.3.4: Scanning electrion micrograph (SEM) of cleaned frustules of Thalassiosira
pseudonana showing thecae, valves and girdle bands.
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1.4 Thesis outline and aims
With the ongoing climate change, ocean environments are changing at an unprecedented rate.
One main environmental factor changing is sea surface temperature, which has been shown to be
the most influential on phytoplankton communities in the ocean. Recent research efforts are
trying to identify the impact of ocean warming on natural phytoplankton communities and
species adaptation. This thesis contributes to this effort by investigating the following
overarching goal:
How does temperature drive diatom communities in the Atlantic Ocean and their pheno-
and genotypic basis of thermal adaptation in the laboratory?
To answer this research question we embarked on three research cruises to survey diatom
diversity and distribution in the Atlantic Ocean from the polar to the tropical Atlantic (chapter 2).
The phenotypic basis of thermal adaptation is investigated in chapter 3 by using experimental
evolution approaches to evolve thermo- and coldtolerance in the model diatom Thalassiosira
pseudonana. Additionally, the genetic basis of thermal evolution was investigated through
whole-genome transcriptomics and genome resequencing (chapter 4).
Chapter 2 provides insights, from three field campaigns, into diatom communities in the Atlantic
Ocean. The aim of this chapter was to investigate diatom diversity and abundance over broad
spatial scales in the Atlantic Ocean and to identify underlying environmental drivers. For this,
diatom 18S rDNA ribotypes were analysed at the order level and related to environmental
metadata such as temperature, salinity and nutrient concentrations. Hypothesis to be tested were
the following:
• Temperature is a major environmental driver of diatom community and distribution.
• Diatom diversity is negatively correlated to temperature.
• Diatom community differences increase with increase distance.
• Abundance and distribution of the diatom order Thalassiosirales was driven by temperature.
In chapter 3, an experimental evolution approach was utilised with the aim to characterise the
physiological and phenotypic responses to long-term (300 generations) temperature selection of
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the model diatom Thalassiosira pseudonana (Tp). For this purpose, replicate cultures of Tp were
semi-continuously cultivated at high and low temperature settings. Physiological responses and
changes in Tp’s elemental composition were measured after 300 generations. The generated
dataset provided insights into temperature adaptation of this diatom. The experimental setup
allowed investigating the following hypothesis:
• High and low temperature selection lines adapt genetically to novel temperature conditions.
• Stoichiometric changes underpin thermal adaptation.
• Cell size follows an inverse relationship to temperature with bigger cells under lower
temperatures.
• Light-temperature interactions result in changes of cellular chlorophyll concentrations.
• Temperature optima shift towards selection temperatures while the temperature maximum
remains stable.
Chapter 4 aimed to elucidate molecular underpinnings of the evolution of thermal tolerance using
whole-genome transcriptome sequencing and genome resequencing. Temperature specific gene
expression pattern were identified and potential adaptive differential expression of genes part of
cellular pathways were highlighted. Single nucleotide polymorphisms were reported for one high
temperature replicate and summarized based on gene function. The following hypothesis were
tested with the above described approach:
• Phenotypic responses to selection temperatures in chapter 3 were underpinned by
transcriptomic responses.
– Low temperature adaptation is mediated by increased expression of genes related to
the translation machinery.
– Adjustments to membrane fluidity aided low temperature adaptation of the
photosystem.
• Short-term (50 generations) and long-term (300 generations) responses of the cellular
transcriptome differ.
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• Transposon activity aids temperature adaptation.
Finally, chapter 5 will conclude with a summary of the major findings of this thesis and a general
discussion of the main results followed by suggestions for future research.
Chapter 2
Sea of change - Diatom ecology in the
Atlantic Ocean
2.1 Introduction
Diatoms are single-cell autotrophs with a silica frustule cell wall. They are of global significance
in biogeochemical cycles (Tre´guer et al., 1995) and for the functioning of most aquatic food
webs. About 40% of the annual primary production can be attributed to diatoms (Nelson et al.,
1995) and they are considered the most successful taxa in polar environments (Wilhelm et al.,
2006; Arrigo et al., 2010). There are an estimated 100,000 species (Round et al., 1990) however,
only 2,000 are genetically described (Vargas et al., 2015). Diatoms can be found in almost all
aquatic ecosystems ranging from the polar Oceans to the tropical regions, however, their diversity
and distribution in the Atlantic Ocean is not well known as based on data from the Ocean
Biogeographic Information System (OBIS) (Figure 2.1.1). The Continuous Plankton Recorder
(CPR) has been recording phytoplankton distribution and diversity over several decades but
mainly focused on the temperate northern hemisphere (OBIS). Other annual surveys were
conducted along the Atlantic Meridional Transect (AMT) providing insight into the importance
of picophytoplankton in the tropical Atlantic (Robinson et al., 2006). Most of these surveys were
based on microscopy or flowcytometry, however, the use of metagenomics, as in Sorcerer II
(Rusch et al., 2007) and Tara Ocean (Vargas et al., 2015), has revolutionized our understanding
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of marine microbes in the world oceans (Mock et al., 2015). Mapping biogeography of marine
microbes provides understanding of how phytoplankton distribution is shaped by the environment
(Follows et al., 2007). For example, diatom community changes in the tropical Atlantic were
mainly governed by temperature (Chust et al., 2013), while temperature and salinity were
important in the Fram Strait (polar waters) (Hardge et al., 2015). Similar results were found for
other phytoplankton groups like cyanobacteria, dinoflagellates and coccolithophores (Johnson
et al., 2006; Chust et al., 2013; Carpenter et al., 1999). With the ongoing ocean warming, it
becomes increasingly important to investigate and monitor distribution and abundance of main
phytoplankton groups in the global ocean. Over the last decade, changes in phytoplankton
communities have become more prominent and were related to climate change.
Figure 2.1.1: Abundance of Bacillariophyta in the Atlantic Ocean reaching from the Polar to the
Southern Atlantic. Colour coded squares represent abundance of diatom species observed at that
location. Black stars show Sea of Change stations.
Furthermore, we were able to add new knowledge about diatom distribution and abundance in the
Atlantic Ocean.
Diatom community structure was investigated, using metabarcodes (V4-18S), along a longitudinal
polar transect (North Atlantic Ocean) and latitudinal Atlantic transect (Atlantic Ocean) from 76°N
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to 30°S. Both transects cover large environmental gradients and biological diversity and were
therefore ideal for investigating environmental drivers of phytoplankton diversity and distribution.
Order level diatom metabarcodes were related to environmental metadata such as temperature,
salinity and nutrient concentrations.
The Sea of Change project is a collaboration between several research groups through Europe
and aims to understand the impact of climate change on phytoplankton diversity and activity in
the Atlantic Ocean, as well as the potential of invasion of lower latitude phytoplankton species
into the temperate and polar Atlantic Ocean. All collected samples were sequenced using 18S,
16S and ITS metabarcodes as well as metatranscriptomes and -genomes. This huge amount of
data was distributed to collaborators and we focused on the 18S dataset. This 18S dataset was
split into diatoms and all other autotrophs between myself and Kara Martin (PhD student in the
computational department at the University of East Anglia). I chose to focus on diatoms, as
they are one of the most important phytoplankton groups, contributing about 50% of the annual
primary production in the ocean (Nelson et al., 1995). Additionally, if our first or fourth hypothesis
are confirmed, Thalassiosira pseudonana would be a good representative for marine diatoms to
experimentally investigate their adaptive evolution to temperature changes (see chapters 3 and 4).
Hypothesis to be tested were the following:
• Temperature is a major environmental driver of diatom community and distribution.
• Diatom diversity is negatively correlated to temperature.
• Diatom community differences increase with increase distance.
• Abundance and distribution of the diatom order Thalassiosirales was driven by temperature.
2.2 Material and Methods
2.2.1 Field campaign
In order to study species composition and distribution of diatoms in the Atlantic Ocean, samples
have been collected during two field campaigns on board the German research vessel Polarstern
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(Figure 2.2.1). The first collection was carried out during the ARK27-1 field campaign in the
Arctic Ocean from the 14th of June 2012 to the 15th July 2012, starting from Bremerhaven,
Germany and sailed to Svalbard and Greenland (black dots). The second set of samples was
collected during the ANT29-1 campaign in the Atlantic Ocean from the 27th October to the 27th
November 2012 where we sailed from Bremerhaven, Germany to Cape Town, South Africa
(yellow dots). Furthermore, we received samples from a field campaign conducted by Klaas
Timmermans of the Royal Netherlands Institute for Sea Research (NIOZ, Texel, The
Netherlands) (Stratiphyt, red dots), sailing from the Canary Islands to Iceland in April 2011.
Water samples were collected either at the chlorophyll maximum and/or surface, in 12 L Niskin
bottles by a Niskin bottle rosette sampler, with an attached Sonde (CTD, conductivity,
temperature, depth). As soon as the rosette sampler was back on board, water samples were
immediately transferred into plastic containers and transported to the laboratory as quick as
possible. All sampled stations are accompanied by metadata (salinity, temperature, collection
depth and nutrient concentration).
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Figure 2.2.1: Map of sampled stations during three field campaigns (ANT (black dots), Stratiphyt
(red dots) and ARK (orange dots)). Oceanic provinces defined by Longhurst (2007) are
included. SATL=South Atlantic Gyral Province, WTRA=Western Tropical Atlantic Province,
NATR=North Atlantic Tropical Gyre Province, ETRA=Eastern Tropical Atlantic Province,
NASE=North Atlantic Subtropical Gyral East Province, NASW=North Atlantic Subtropical Gyral
West Province, NADR=North Atlantic Drift Province, ARCT=Atlantic Arctic Province
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2.2.1.1 Sampling
Water samples were pre-filtered with a 100 µm mesh to remove bigger zooplankton, and distributed
into 1.25 L plastic bottles. Bottles were mounted onto prepared filtration racks and all filtrations
were conducted under low pressure (<150 mbar Hg) and in under 30 minutes.
Samples for DNA extractions were filtered onto 25 mm 1.2 µm polycarbonate filters (Isopore
membrane, Millipore, MA, USA). All filters were snap frozen in liquid nitrogen and stored at
-80°C until further analysis.
Duplicate samples for dissolved phosphorus and nitrogen analysis were sterile filtered with 0.2 µm
nitrate-cellulose syringe filters into 15 mL tubes and stored at -20°C. Dissolved silicate samples
were also filtered with 0.2 µm nitrate-cellulose syringe filters into 15 mL tubes but stored at 4°C
to avoid silica precipitation due to freezing.
Stratiphyt cruise samples Klaas Timmermans (The Royal Netherlands Institute for Sea
Research, Texel, The Netherlands) and Willem van de Poll (Rijksuniversiteit Groningen,
Groningen, The Netherlands) kindly provided one filter for each of the 22 stations sampled
between the Canary Islands and Iceland. These samples were taken by a Niskin bottle rosette
sampler with attached CTD and filtered onto 47 mm 0.2 µm polycarbonate filters without
pre-filtration and snap frozen in liquid nitrogen. Samples were stored at -80°C until extraction.
Accompanying environmental data was provided by Willem van de Poll.
2.2.2 DNA extractions
DNA extractions ARK and ANT field campaign DNA samples were extracted with the
EasyDNA Kit (Invitrogen, Carlsbad, CA, USA) with some adjustments. Cells were washed off
the filter with pre-heated (65°C) Solution A (EasyDNA Kit, Invitrogen, Carlsbad, CA, USA) and
the supernatant was transferred into a new tube with one small spoon of glass beads (425-600
µm, acid washed) (Sigma-Aldrich, St. Louis, MO, USA). The samples were then vortexed three
times in intervals of 3 seconds to break the cells. RNase A was added to the samples and
incubated for 30 min at 65°C. The supernatant was transferred into a new tube and Solution B
(EasyDNA Kit, Invitrogen, Carlsbad, CA, USA) was added followed by a chloroform phase
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separation and an ethanol precipitation. DNA was pelleted by centrifugation and washed several
times with isopropanol, air dried and suspended in 100 µL TE buffer. DNA concentration was
measured with a Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA), samples snap frozen
in liquid nitrogen and stored at -80°C until sequencing.
DNA extractions Stratiphyt samples As we received only one filter per station from the
Stratiphyt field campaign, we had to opt for a different DNA extraction method as RNA was also
needed for the Sea of Change project. Thus, Stratiphyt samples were extracted with the
ZR-Duet™DNA/RNA MiniPrep kit (Zymo Research, Irvine, USA) allowing simultaneous
extraction of DNA and RNA from one sample filter. Cells were washed from the filters with
DNA/RNA Lysis Buffer (ZR-Duet™DNA/RNA MiniPrep kit, Zymo Research, Irvine, USA) and
one spoon of glass beads (425-600 µm, Sigma-Aldrich, MO, USA) was added. Samples were
vortexed quickly and loaded onto Zymno-Spin™IIIC columns. The columns were washed
several times with DNA/RNA Wash Buffer (ZR-Duet™DNA/RNA MiniPrep kit, Zymo
Research, Irvine, USA) and DNA was eluted in 60 µL DNase/RNase-free water. Purified DNA
samples were measured with a Nanodrop spectrophotometer. Samples were snap frozen in liquid
nitrogen and stored at -80°C until sequencing.
2.2.3 DNA sequencing
All extracted DNA samples were sequenced by the Joint Genome Institute (JGI) (Department of
Energy, Walnut Creek, CA, USA). Amplicon sequencing was performed with V4-18S region
specific primers (Zimmermann et al., 2011) on a Illumina MiSeq instrument with a 2x250 bp
reads configuration. This region has been shown to be conserved enough for class/species
identification. Sequences were quality controlled, consisting of scanning for contaminations (for
example, Illumina adapter sequences and primer sequences) and quality trimming of reads. A
total of 54 samples passed quality control after sequencing and on average 128,692 reads per
sample were provided.
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2.2.4 18S sequence analysis
The bioinformatical analysis of 18S rDNA sequences was done by Kara Martin (School of
Computational Science, UEA) with feedback from Andrew Toseland, Thomas Mock, Vincent
Moulton and myself. The final output (diatom order count matrix) was then used by myself for
ecological analysis.
2.2.4.1 Building of reference tree
Taxonomic identification of our 18S rDNA sequences was done by alignment to a reference tree.
This reference tree was built by selection of 1663 high quality sequences of algae and outgroup
taxa (Opisthokonta, Cryptophyta, Glaucocystophyceae, Rhizaria, Stramenopiles, Haptophyceae,
Viridiplantae, Alveolata, Amoebozoa and Rhodophyta) from the SILVA (SSU) and Marine
Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) database. Closely related
sequences were removed to reduce computational costs by clustering reference sequences with
CD-HIT using a similarity threshold of 97%. Multiple sequence alignments were optimized in
ClustalW by iteration (Thompson et al., 1994) and the resulting alignments were cleaned with
TrimAL. Our query sequences were placed onto the reference using pplacer (Matsen et al.,
2010), in combination with a RAxML statistics output, providing a description of the
phylogenetic model and the likelihood of read placement (cutoff ML 0.5). Annotation of
sequences at a high taxonomic level is only possible if a reference sequence is available. In our
case, we used 161 diatom species sequences, thus, many sequences could only be annotated
reliably at a higher taxonomic level.
2.2.4.2 18S copy number normalization of reads
18S rDNA copy numbers vary greatly between eukaryotes and in order to account for this
variation, genome sizes of 186 representatives across the eukaryote tree were related to 18S
rDNA copy number (Figure 2.2.2). Genome sizes were not available for all our reference species,
therefore, genome sizes of closely related species were averaged.
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Figure 2.2.2: 18S copy number vs genome size of 186 species showed a significant correlation
(pearson coefficient 0.74, p-value <2.2e-16). This resulted in the following equation: 18S copy
number = 0.66* genome size + 0.75.
The equation for 18S copy number normalization was generated by correlating (Pearson) genome
size and 18S rDNA copy number (Pearson coefficient 0.74). This provided the following equation
(R2 0.74, p-value <2.2e-16):
18S copy number= 0.66∗(genome size)+0.75(1)
Normalization to copy number was rounded to full number, and normalized to million reads.
Normalization to 18S copy number provided diatom order reads per station being equivalent to
diatom order abundance per station. This was then normalized to million reads to account for
the different library sizes. The resulting data matrix was used for subsequent community analysis
providing relative diatom abundance as diatom order reads per million reads.
2.2.5 Statistical analysis
The aim was to identify environmental drivers of diatom diversity and distribution. Thus, diatom
diversity, based on diatom orders, was related to environmental gradients of temperature, salinity,
nitrogen, phosphate and silicate across the two transects (Polar and Atlantic) of the Atlantic Ocean.
Out of 54 sampled stations, 53 provided diatom orders. Due to missing metadata, station 13
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was deleted from the dataset. All statistical analysis were conducted in the R environment (R
Development Core Team 2012).
Diatom order abundance (reads per million reads) was Hellinger transformed to give less weight
to highly abundant orders.
2.2.5.1 Co-correlation of environmental factors
Co-correlation of environmental covariates of the polar transect was assessed by Generalized
Variance Inflation Factors (GVIF), calculated with the HighstatLibV6 package and the corvif
function http://www.highstat.com/Book2/HighstatLibV6.R. Sequential
dropping of the covariate with the highest GVIF was repeated until all remaining covariates had
GVIFs smaller than 3, as suggest by Zuur et al. 2010.
Polar transect A summary of the GVIFs and sequentially dropped covariates of the Polar
transect is shown in Table 2.2.1. Covariates measuring sampling depth, temperature, phosphate
and silicate were included for further downstream analysis.
Table 2.2.1: Generalized Variance Inflation Factors for polar transect covariates.
Covariate Full set Salinity dropped Nitrate+Nitrite dropped
sampling depth (m) 1.79 1.79 1.37
Temperature (°C) 5.71 1.96 1.36
Salinity (PSU) 6.36 - -
Nitrate+Nitrite [µmolL1] 4.17 3.76 -
Phosphate [µmolL1] 2.33 2.28 1.62
Silicate [µmolL1] 1.22 1.19 1.18
Atlantic transect A summary of the GVIFs and sequentially dropped covariates of the Atlantic
transect is shown in Table 2.2.2. Covariates measuring temperature, salinity, nitrate+nitrite and
silicate were included for further downstream analysis.
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Table 2.2.2: Generalized Variance Inflation Factors for Atlantic transect covariates.
Covariate Full set Phosphate dropped Sampling depth dropped
sampling depth (m) 5.29 5.18 -
Temperature (°C) 4.25 3.09 2.08
Salinity (PSU) 4.37 3.43 1.9
Nitrate+Nitrite [µmolL1] 4.41 2.33 2.29
Phosphate [µmolL1] 7.17 - -
Silicate [µmolL1] 3.03 2.92 2.91
2.2.5.2 Diatom abundance in relation to environmental factors
Initial scatter plots of response variables and covariates did not show a strong non-linear pattern
and therefore redundancy analysis (RDA) (Legendre and Legendre, 1998) was used to model
phytoplankton community composition as a function of environmental variables. A backward
selection procedure was used to select explanatory variables that explain significant amount of
variation, while non-significant (p-value>0.05) terms were removed. Multivariate
pseudo-F-value statistic was used for permutation tests of significance with a total of 9999
permutations to estimate p-values (Zuur et al., 2009). Variance explained by the significant terms
was calculated by starting with a single term model and sequential adding of model terms and
calculating the additional variance explained. This is only accurate when terms are added in the
order they appear in the model. Arrows of model terms in a RDA plot can be interpreted by their
length and angle to the axis and to each other (Figure 2.2.3). The length of the arrow corresponds
to the strength of the underlying gradient (e.g. long arrow strong gradient, short arrow smaller
gradient). The angle to the axis shows how well they correlate with the axis and the smaller the
angle the higher the correlation. Angles between the arrows points towards correlation, where a
small angle represents a high positive correlation, 180°high negative correlation and a 90°angle
points towards no correlation.
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Figure 2.2.3: Stylised RDA plot to explain plot interpretation. The length of the arrow corresponds
to the strength of the underlying gradient (e.g. long arrow strong gradient, short arrow smaller
gradient). The angle to the axis shows how well they correlate with the axis and the smaller the
angle the higher the correlation. Angles between the arrows points towards correlation, where a
small angle represents a high positive correlation, 180°high negative correlation and a 90°angle
points towards no correlation. Clusters of points that are close together suggest higher similarity
to each other than points that are further apart.
2.2.5.3 Richness in relation to environmental factors
Species richness was measured by counting present diatom orders per station. This richness was
related to the selected environmental covariates by backwards model building. A
general-linearised model (glm) was built with all covariates and investigated for the least
significant covariate. This covariate was dropped from the model and the model rerun. This was
repeated until all remaining covariates were significant at the 0.05 level.
2.2.5.4 Bray-Curtis dissimilarity in relation to environmental factors and spatial distance
The contribution of environmental factors and geographic distance to diatom diversity was
estimated using similarity matrices and Mantel tests (Manly, 1998) across sites of the polar and
Atlantic transect. The Mantel test is a non-parametric test to determine how frequently the
observed similarity between matrices would arise by chance and calculates a statistic rm which
measures the correlation between the matrices. The dissimilarity between any two diatom
communities was estimated based on a Hellinger transformed relative diatom order abundance
matrix using the vegdist function of the vegan package (Oksanen et al., 2016). The Bray-Curtis
dissimilarity index (B) (Bray and Curtis, 1957) was calculated based on the following equation:
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B =
∑ |xij − xik|∑
xij + xik
(2)
The Bray-Curtis index ranges from 0 to 1 with highly dissimilar communities having an index of
1, and very similar communities an index of 0.
The Bray-Curtis index matrix was related to temperature by correlating the index matrix to the
temperature matrix with a Mantel test (Mantel correlation coefficient rm) (vegan package,
(Oksanen et al., 2016)). 999 permutations were calculated to obtain the significance of the
Mantel statistic.
Additionally, a distance matrix of sampled stations of both transects was calculated in R with the
geosphere package and the distm function. Correlation between the distance matrix and beta
diversity was calculated with a mantel statistic (Mantel correlation coefficient rm), part of the
vegan package (Oksanen et al., 2016). Significance of the Mantel statistic was obtained with 999
permutations.
2.3 Results
Sequencing of the V4 18S rDNA region resulted in on average 126,201 reads per sample. After
normalisation to 18S rDNA copy number, sequences were analysed to order level resulting in 19
orders (out of 44 known orders), of which Coscinodiscales (56.56%), Leptocylindrales (9.48%)
and Thalassiosirales (8.54%) were most abundant (Table 2.3.1).
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Table 2.3.1: Identified Bacillariophyta orders and reads per million reads summary across all
stations
Order reads per million reads % of total
Coscinodiscales 29.977.601 56.56
Leptocylindrales 5.023.267 9.48
Thalassiosirales 4.526.524 8.54
Corethrales 3.675.214 6.93
Hemiaulales 1.863.028 3.52
Fragilariales 1.848.725 3.49
Chaetocerotales 1.602.128 3.02
0viculales 1.174.194 2.22
Achnanthales 1.070.900 2.02
Rhizosoleniophycidae 836.811 1.58
Aulacoseiraceae 615.283 1.16
Biddulphiales 320.449 0.60
Melosirales 283.614 0.54
Bacillariales 149.190 0.28
Thalassiophysales 16.755 0.03
Surirellales 8.541 0.02
Striatellales 6.104 0.01
Climacospheniales 1.673 0.003
To clarify the influences of variables relating to latitudinal vs longitudinal changes on
Bacillariophyta diversity and distribution, the dataset was split into two transects, one from
Greenland to Spitsbergen (Longitudinal transect, polar transect) and into a Atlantic transect
(Latitudinal transect) from Spitsbergen to South Africa. Metadata such as temperature, salinity
and nutrient concentrations (dissolved nitrate, phosphate and silica) were measured along both
transects.
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2.3.1 Polar transect
2.3.1.1 Metadata
The Fram Strait, between Greenland and Spitsbergen, is a transition zone between the northern
North Atlantic and the Arctic Ocean. It represents the only deep connection between the Arctic
and Atlantic Ocean (Klenke and Schenke, 2002) and can be separated into three hydrographic
regions. The West Spitsbergen Current (WSC) is fed by the northern warm Atlantic Current and
flows northward west of Svalbard into the Arctic Ocean. The WSC transports warm (2.7°C to
8°C), salty (about 35 PSU) water into the Arctic Ocean (Figure 2.3.1).
On the west side of the Fram Strait, flowing southward is the East Greenland Current (EGC)
characterized by cold (-2°C to 1°C) and fresh (30-33 PSU) water masses coming from the Arctic
Ocean. The middle of the Fram Strait is formed by the Returning Atlantic Current (RAC) which
is a branch of the WSC. The sampled temperature gradient ranged from 0°C, in the west, to 8°C
in the east (Figure 2.3.1,a). The salinity gradient ranged from 31 PSU, in the west, to 35 PSU in
the east (Figure 2.3.1,b).
44 Sea of change - Diatom ecology in the Atlantic Ocean
Figure 2.3.1: Temperature (top) and Salinity (bottom) profiles for the Fram Strait in Summer 2012.
Nutrient concentrations of polar transect An overview of measured temperature, salinity and
nutrient concentrations (NO3+NO2, PO4 and SiO3) is given in Table 2.3.2 for the 18 stations
sampled in the polar transect. The lowest temperature was measured at station 5 with -1.62°C
while the highest temperature occurred at station 17 with 5.27°C. Salinity varied from 31 PSU
at the most western stations (1-3) and increased to 35 PSU at the most eastern stations (13-18).
Phosphate concentrations remained relatively stable through out the transect, ranging from 0.46
µmol L−1 to 1.07 µmol L−1. Peak nitrogen concentrations were measured at station 7 and 16
with about 10 µmol L−1 and were lowest at the most western stations, close to Greenland, with
close to 0 µmol L−1. Silica concentrations were similar across stations and ranged from 2.16 µmol
L−1 to 8.97 µmol L−1. Phytoplankton community samples were usually taken at the chlorophyll
maximum within the first 25 m of the water column with the exception of station 7 which was
taken at 110 m because of a second chlorophyll a maximum.
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Table 2.3.2: Metadata summary of all sampled stations in the Polar transect.
Station Longitude Latitude sampling Depth Temperature Salinity NO3+NO2 PO4 SiO3
(dec degrees) (dec degrees) (m) (°C) (PSU) (µmol L−1) (µmol L−1) (µmol L−1)
1 -9.52 79.02 17 -1.03 31.03 0.00 0.47 2.48
2 -8.52 79.08 26 -1.51 31.71 0.14 0.95 2.86
3 -7.67 79.04 20 -1.46 31.33 0.00 0.62 7.17
4 -4.09 79.00 10 -1.51 32.95 0.81 0.58 5.49
5 -4.79 78.86 20 -1.62 32.20 0.60 0.74 8.97
6 -3.23 78.87 15 -0.88 32.35 3.30 0.79 5.47
7 -2.84 78.90 110 3.08 34.99 10.44 1.05 4.46
8 -2.84 78.90 25 -1.37 33.34 0.70 0.46 3.03
9 -1.84 78.94 16 4.40 35.06 4.77 0.84 3.26
10 -0.56 78.98 10 1.37 33.53 0.69 0.50 3.64
11 3.74 79.07 10 0.05 33.59 2.80 0.61 2.49
12 3.74 79.07 5 -0.30 33.15 2.21 0.51 3.12
13 4.15 78.62 15 5.87 35.05 NA NA NA
14 5.33 78.84 15 4.49 35.10 3.32 0.73 3.95
15 6.11 79.09 7 4.82 35.11 3.90 0.76 3.88
Continued on next page
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Station Longitude Latitude sampling Depth Temperature Salinity NO3+NO2 PO4 SiO3
(dec degrees) (dec degrees) (m) (°C) (PSU) (µmol L−1) (µmol L−1) (µmol L−1)
16 7.08 79.07 18 4.56 35.09 9.69 1.07 4.31
17 8.11 78.87 10 5.27 35.07 0.51 0.49 2.75
18 9.23 78.85 25 2.34 34.76 2.93 0.94 2.16
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2.3.1.2 18S analysis
Diatom order richness was correlated to environmental covariates with temperature (Figure 2.3.2)
and silicate (Figure 2.3.3, together explaining 62.52% of the variation across the Fram Strait. For
visualization purposes, temperature and silicate were plotted separately.
Figure 2.3.2: Richness (y-axis) was negatively correlated (-0.48, R2=0.49, N=17) to temperature
(°C) (x-axis), meaning that stations with higher temperature had a less diverse diatom community.
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Figure 2.3.3: Richness (y-axis) was positively correlated (0.59, R2=0.21, N=17) to silicate (°C)
(x-axis), meaning that stations with higher silicate concentrations had a more diverse diatom
community.
Diatom communities differed between the West and East part of the transect (Figure 2.3.4).
Stations 1-7 were dominated by Thalassiosirales, Chaetocerotales and Naviculales.
Coscinodiscales dominated the overall transect (65%). Other orders were of minor importance
along the transect and showed very low relative abundance levels. Furthermore, the abundance
pattern suggest a higher order diversity at the EGC compared to the WSC. Surprisingly,
Melosirales and Fragilariales, typical polar species, were absent in this transect.
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Figure 2.3.4: Relative diatom order abundance of the polar transect ordered by station/longitude.
The abundances of diatom orders over the polar transect was analysed using a distance matrix
based on the Bray-Curtis dissimilarity index. This distance matrix was used to visualise clustering
between stations. The dendrogram shows three clusters (Figure 2.3.5). Two main clusters were
identified, a WSC (red) and a EGC (blue) cluster. Interestingly, a few WSC stations (6,7) cluster
with several EGC stations (4,5,11,12).
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Figure 2.3.5: Beta diversity dendrogram based on bray-curtis dissimilarties and method complete.
Environmental correlation In order to identify the dominant environmental parameters
shaping diatom diversity and abundance, diversity and abundance matrices were correlated with
environmental metadata. Co-correlation analysis of the measured metadata is shown in Figure
2.3.6 with correlation coefficients in the upper panels. A strong co-correlation was found for
temperature with salinity (R2=0.9) and are thus interchangeable, and for nitrogen with phosphate
(R2=0.73). Based on variance inflation factor (VIF) analysis, salinity and nitrogen were excluded
from the metadata.
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Figure 2.3.6: Test for co-correlation of environmental data.
In contrast, diatom abundance pattern between stations were significantly influenced by
temperature and salinity (Figure 2.3.7) with temperature explaining slightly more variation, while
nutrients showed no significant effect. Axis 1 (RDA1) explained 35.41% of the variation and was
highly correlated with temperature (correlation coefficient 0.99). Note that temperature and
salinity showed strong co-correlation and were thus interchangeable, with salinity explaining
35.37% of the variation (Appendix, Figure 6.1.2).
EGC stations 1-3 and 5 were found to cluster at low salinity and temperature while WSC stations
10,14,15 and 17 were associated with higher salinity and temperature.
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Figure 2.3.7: Correlation of environmental data and diatom diversity.
Figure 2.3.8 provides the correlation (Spearman correlation) of diatom order abundance
(Hellinger transformed) with temperature. Coscinodiscales showed strong positive correlation
with temperature (correlation coefficient=0.84, p-value <0.001) while Thalassiophysales,
Thalassiosirales, Chaetocerotales, Bacillariales showed negative correlation with temperature
(-0.56, 0.02; -0.79, <0.001; -0.69, 0.002; -0.61, 0.009, respectively).
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Figure 2.3.8: Correlation (Spearman correlation) of diatom order abundance (Hellinger
transformed) with temperature. Spearman correlation factor is color coded with blue showing
strong positive correlation and red strong negative correlation. Values in the boxes provide the
correlation coefficient and the p-value in brackets underneath.
The bray-curtis index across the polar transect was significantly related to temperature (mantel
test, rm=0.59, p-value=0.001, 999 permutations). This correlation was still significant after
correcting for the auto-correlation of temperature and distance (partial mantel test, rm=0.47,
p-value=0.002, 999 permutations). In addition, distance had a significant effect on beta-diversity
(mantel test, rm=0.53, p-value=0.001, 999 permutations, which increased with increasing
distance (Figure 2.3.9).
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Figure 2.3.9: Correlation of diatom bray-curtis index with distance (km). The bray-curtis index
increased with increasing distance (rm=0.53, p-value=0.001).
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2.3.2 Atlantic Section
2.3.2.1 Metadata
Figure 2.3.10: Temperature and Salinity profiles for the Atlantic transect from Svalbard, Norway
to Cape Town, South Africa.
The Atlantic transect was sampled in the Norwegian Sea as well as the Atlantic from Iceland
to Cape Town, South Africa. The temperature at the sampled stations ranged from 5°C in the
Norwegian Sea to 30°C at the Equator and 20°C close to the South African coast (Figure 2.3.10,
a). The deepening of the 18°C isotherm corresponds to the region where the transect crosses the
North Atlantic gyre (yellow deep patch between 30 and 20°N) and relates to the up-welling of
the NW Africa. Salinity ranged from 35 PSU in the North Atlantic to 37 PSU at the Equator
and 35 PSU close to the South African coast (Figure 2.3.10, b). The transect passed through
several currents at the equator, transporting water either east to west or west to east. Between
40°North and 20°North we passed through a patch of salty, warm water which was followed by
the North equatorial current (NEC). This current transports fresh (35 PSU) surface water from the
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east to the west of the Atlantic and is mainly driven by wind. Just above the equator is the North
equatorial counter current (NECC) which transports surface water from the west to the east and
is also wind driven. Below the equator, between 0°and 10°South is the South equatorial counter
current (SECC) followed by the further south South equatorial current (SEC).
Nutrient concentrations Atlantic section An overview of measured temperature, salinity and
nutrient concentrations (NO3+NO2, PO4 and SiO3) is given in Table 2.3.3 for the 35 stations
sampled in the Atlantic transect. Sampling depth of each station increased from the North
Atlantic (about 20 m) to the equator (about 60 m) and decreased from the equator to South Africa
(about 30 m). Phosphate concentrations were low through out the Atlantic transect with
concentrations below 1 µmol L−1. Silica concentrations were patchy with highest concentrations
(1.52 - 6.69 µmol L−1) at stations 19-32 in the North Atlantic and ten-fold lower concentrations
at stations 33-41. Another patch of higher silica concentrations was measured 20°North to
7°South. Similar trends were observed for nitrogen concentrations. The Atlantic transect showed
a great temperature gradient from the North Atlantic (about 8°C) to the equator (about 28°C) but
less variation in salinity (35 PSU to 36 PSU) in comparison to the Arctic transect (see above).
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Table 2.3.3: Metadata summary of all sampled stations in the Atlantic transect
Station Longitude Latitude sampling Depth Temperature Salinity NO3+NO2 PO4 SiO3
(dec degrees) (dec degrees) (m) (°C) (PSU) (µmol L−1) (µmol L−1) (µmol L−1)
19 11.31 76.25 15 5.53 35.15 6.26 0.83 4.08
20 9.86 73.02 20 6.02 35.15 6.55 0.88 3.90
21 8.87 71.20 10 7.18 35.13 4.83 0.77 3.62
22 7.73 69.23 10 9.10 34.73 2.46 0.46 1.52
23 7.73 69.23 5 8.75 34.87 0.86 0.49 1.68
24 6.53 67.23 15 8.94 35.09 4.16 0.74 2.48
25 6.53 67.23 20 8.68 35.10 2.38 0.66 2.12
26 5.42 65.25 20 9.24 34.93 2.85 0.60 2.44
27 5.42 65.25 5 9.75 34.94 1.58 0.59 2.35
28 -21.74 62.80 10 7.69 35.20 13.35 0.86 6.69
29 -19.34 60.68 10 8.75 35.25 11.75 0.76 6.57
30 -16.51 54.63 10 10.79 35.45 7.79 0.49 1.59
31 -12.11 47.57 40 12.07 35.64 5.92 0.41 2.54
32 -12.43 45.53 16 13.96 35.81 0.33 0.05 2.18
33 -13.58 38.42 67 15.90 36.26 0.52 0.05 0.29
Continued on next page
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Station Longitude Latitude sampling Depth Temperature Salinity NO3+NO2 PO4 SiO3
(dec degrees) (dec degrees) (m) (°C) (PSU) (µmol L−1) (µmol L−1) (µmol L−1)
34 -12.09 37.83 80 20.63 36.44 0.43 0.07 0.48
35 -13.14 34.88 80 21.78 36.65 0.27 0.00 0.29
36 -14.26 34.72 48 16.93 36.42 1.02 0.03 0.29
38 -15.00 29.00 81 18.97 36.83 0.02 0.02 0.75
39 -15.15 28.94 90 23.00 36.60 0.54 0.08 0.75
40 -17.46 26.05 80 24.62 36.90 0.52 0.07 0.41
41 -20.18 23.69 60 25.25 36.57 1.95 0.19 0.69
42 -20.70 18.76 45 26.78 36.17 6.13 0.33 1.19
43 -20.52 15.25 55 28.60 35.64 16.42 0.68 3.37
44 -18.62 8.47 46 29.02 34.88 3.11 0.24 2.59
45 -13.60 2.41 80 27.10 35.61 6.46 0.37 2.06
46 -9.42 -2.05 63 25.64 35.94 10.03 0.52 2.62
47 -7.06 -4.67 47 24.71 35.83 11.32 0.56 3.07
48 -4.90 -7.39 45 23.27 36.23 6.48 0.37 2.02
49 -0.32 -13.10 75 20.66 36.50 4.40 0.24 0.83
Continued on next page
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Station Longitude Latitude sampling Depth Temperature Salinity NO3+NO2 PO4 SiO3
(dec degrees) (dec degrees) (m) (°C) (PSU) (µmol L−1) (µmol L−1) (µmol L−1)
50 2.98 -17.28 30 18.82 35.97 0.00 0.19 2.63
51 3.80 -18.25 43 18.77 35.99 8.01 0.44 0.86
52 6.00 -20.99 30 18.52 35.62 5.95 0.39 0.07
53 7.19 -22.64 40 18.48 35.70 0.50 0.04 0.43
54 9.98 -26.44 30 18.20 35.20 2.28 0.17 0.69
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2.3.2.2 18S analysis
Figure 2.3.11: Alpha diversity was correlated to environmental data. Model selection resulted in
temperature showing a negative correlation with alpha diversity (-0.04, R2=0.26, p-value<0.001),
meaning that station with high temperature had a less diverse diatom community.
Alpha diversity was calculated based orders per station and correlated with environmental
variables (Figure 2.3.11). Temperature was the most significant variable explaining most of the
variation (26%) in alpha diversity along the Atlantic transect. The correlation coefficient between
alpha diversity and temperature was -0.04, meaning that stations with high temperature had a less
diverse diatom community.
Figure 2.3.12 shows the relative abundance of diatom orders across the Atlantic transect ordered
by latitude. Coscinodiscales (52%) were dominating the transect followed by Leptocylindrales
(14%) and Corethrales (10%). The latter two orders showed a higher abundance in the temperate
part of the section while Coscinodiscales were abundant throughout the whole transect. Diatom
diversity in the tropical part of the transect was lower in comparison to the temperate part. The
North Atlantic between Iceland and the coast of Spain was dominated by species belonging to
Chaetocerotales, Fragilariales, Aulacoseiraceae and Achnanthales and were absent in the
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Norwegian Sea and tropical Atlantic.
Figure 2.3.12: Relative abundance of diatoms orders across Atlantic stations ordered by latitude.
Cluster analysis showed that the Atlantic transect can be split in four clusters that roughly respond
to similar regions. Cluster one groups stations 28,30,31 and 38 which were located in a nutrient
rich eddy (Willem van de Poll, personal communication). Cluster two reflects the oligotropic
regions of the Atlantic while cluster three grouped stations in nutrient rich temperate regions and
up-welling of the coast of Africa.
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Figure 2.3.13: Beta diversity dendrogram based on bray-curtis dissimilarties and average.
Environmental data for the Atlantic section showed correlation between salinity and phosphate
and silica (Figure 2.3.14). Weak correlation was found between temperature and salinity, as well
as temperature and nutrients. Based on the VIF analysis phosphate was excluded from the
environmental data.
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Figure 2.3.14: Test for co-correlation of environmental data for the Atlantic transect.
Diatoms were significantly related to variations in temperature, salinity and nitrogen
concentrations (Figure 2.3.15) (p-value<0.001). This model explained a total variation of
15.78% with temperature explaining 5.7%, nitrogen 5.61% and salinity 4.47%.
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Figure 2.3.15: Correlation of environmental data and diatom order abundance for the latitudinal
transect (Atlantic Ocean).
Figure 2.3.16 provides a summary of diatom order abundance (Hellinger transformed) correlating
with temperature the correlation. Out of the 17 orders identified in the Atlantic Ocean, only
two correlated significantly with temperature. Chaetocerotales and Hemiaulales both correlated
negatively with temperature (-0.39, p(0.02) both).
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Figure 2.3.16: Correlation (Spearman rho) of diatom order abundance (Hellinger transformed)
with temperature. Spearman correlation factor is color coded with blue showing strong positive
correlation and red strong negative correlation. Values in the boxes provide the correlation
coefficient and the p-value in brackets.
The bray-curtis index across the Atlantic transect was significantly related to temperature (mantel
test, rm=0.11, p-value=0.034, 999 permutations). This correlation was not significant after
correcting for the auto-correlation of temperature and distance (partial mantel test, R2=0.12,
p-value=0.109, 999 permutations). In contrast, distance had no significant effect on bray-curtis
index (mantel test, rm=0.08, p-value=0.096, 999 permutations, which increased with increasing
distance (Figure 2.3.17).
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Figure 2.3.17: Correlation (Spearman) of the bray-curtis index with distance (km). Beta-diversity
showed no significant correlation with distance (rm=0.08, p-value=0.096).
2.4 Discussion
The Sea of Change dataset provided new insight into diatom community structures in the Atlantic
Ocean, ranging from the Fram Strait to the South Atlantic. Our analysis is based on the
hypervariable region V4 of 18S rRNA locus. Metabarcodes are a useful tool for high throughput
environmental sequence surveys allowing species level identification. Indeed, the V4 region has
been shown to be able to resolve taxa at the species level (Zimmermann et al., 2011), however
with limited resolution of cryptic species (Luddington et al., 2012). Even though, some species
are not well resolved by the V4 region, it was nonetheless well suited to explore order-level
diatom diversity. The availability of reference sequences is one potential caveat of metabarcoding
studies. The SILVA database www.arb-silva.de contains 11,993 Bacillariophyta 18S
SSU-rRNA gene sequences providing a substantial reference volume. However, due to limitation
in computational power, we used 161 unique references sequences covering 31 (out of 44
identified (Round et al., 1990)) diatom orders. The low sequencing depth suggest that we were
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most likely able to pick up the most abundant species and potentially missed rarer ones.
Another issue of metabarcoding project is the presence of multiple copies of 18S genes,
especially in dinoflagellates (Godhe et al., 2008). To overcome this issue, we related genome size
to 18S copy number, which has been shown previously to correlate in eukaryotes (Prokopowich
et al., 2003), and use this relationship to normalize our diatom dataset. The generated equation
resulted in underestimation (10-fold) of 18S copy numbers, however, previously proposed
normalization to cell size (Godhe et al., 2008; Vargas et al., 2015), overestimated some species
by over 100-fold (Kara Martin, personal communication). Therefore, our abundance estimate of
identified diatom orders are conservative and need to be taken with caution. Furthermore, copy
number variation is lower in diatoms (10s-100s) compared to dinoflagellates (200s- <10000s)
(Zhu et al., 2005; Godhe et al., 2008) and resolving orders rather than species provides more
confidence in our approach. Since cell size is related to 18S copy number (Zhu et al., 2005), this
is therefore less likely to effect our community analysis as we sampled size classes between 1.2
µm and 100 µm due to prefiltration over a 100 µm mesh and retaining cells on a 1.2 µm filter.
However, it is not possible to completely exclude organisms that are smaller or larger than our
desired size classes due to broken cells passing through the prefilter, or clogging of the filters
retaining smaller sized cells. The identification of larger zooplankton and dinoflagellate species
indicates a certain degree of ”contamination” of our samples (Kara Martin, personal
communication).
Taking above mentioned pitfalls into account, we were able to show how diatom diversity and
abundances varies over a polar and Atlantic Ocean transect. With this dataset we were able to add
important information on diatom distribution in the Atlantic Ocean, especially tropical and
Southern Atlantic. A search on the OBIS database
(http://iobis.org/mapper/?taxon_id=739452) showed that only little data on
Bacillariophyta occurrence and abundance is available for the tropical South Atlantic Ocean as
well as the polar Atlantic (Figure 2.1.1). Thus, we are closing a gap in the existing datasets and
provide a clearer picture on distribution of diatom orders in the polar and tropical Atlantic Ocean.
Three of our most southern stations (47,49 and 54) overlapped roughly with locations of the
TARA Ocean dataset (Malviya et al., 2015) but provided similar results in terms of dominant
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diatom orders (Coscinodiscales) even though they were sampled in different years.
Surprisingly, Coscinodiscales were the most widespread and abundant diatom order, and were
unknown in the polar Atlantic and tropical South Atlantic, however this lack of records could be
related to missing sampling efforts. This order comprises of 1,288 species, with some having a
wide thermal niche (0°C to >20°C), salinity range (24-35 PSU) and nutrient range (Round et al.,
1990; Durselen and Rick, 1999) potentially allowing them a widespread distribution in the
Atlantic Ocean. Furthermore, local adaptation of species within the order of Cosciniodiscales
could also explain their cosmopolitan distribution (Malviya et al., 2015). Vanormelingen (2008)
suggested that on higher taxonomic levels (genera and upwards) diatoms are cosmopolitan, but
community diversity can vary greatly across locations (Malviya et al., 2015).
Based on RDA, temperature (35.4%) explained most of the variation the polar section, while
nutrients (nitrogen/phosphate), and temperature seemed to have played an important role in the
Atlantic section. However, only 15.78% of the variation could be explained in the Atlantic
section. This might be due to patches of high nutrient concentrations that occurred over the
transect (2.3.3), for example, due to upwelling at the Cape Verde islands and Benguela upwelling
zone (Longhurst, 1998). Furthermore, low sequencing depth and an incomplete reference
database could have resulted in lack of orders. Notably, typical polar diatom orders known for
their high abundance (Melosirales (Melosira arctica), Fragilariales (Fragilariopsis), Bacillariales
(Nitzschia) (Boetius et al., 2013; Hegseth and Sundfjord, 2008; Poulin et al., 2011, 2014; Booth
and Horner, 1997) were underrepresented in our dataset. The lack of Melosira related sequences
was especially surprising due to their high abundance in the sea ice associated water column
(Booth and Horner, 1997) and observation by on-board microscopy (personal observation).
Potential primer biases could have contributed to the underrepresentation of some orders,
however, the used 18S-V4 primers have been shown to be universal and allowing sufficient
discrimination of diatom orders (Zimmermann et al., 2011; Malviya et al., 2015). Thus it might
be more likely that the 100 µm prefiltration excluded Melosira as they form long and sturdy
chains (Poulin et al., 2014).
Several diatom orders showed distinct geographical preferences. Chaetocerotales and
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Thalassiosirales are well known abundant species in the polar waters of the North Atlantic (Booth
and Horner, 1997; Poulin et al., 2011; Hegseth and Sundfjord, 2008; Poulin et al., 2014; Gosselin
et al., 1997) and were mostly found in cold, low saline waters that are characteristic of the EGC
suggesting they might have originated from the high Arctic. In contrast, Corethrales were mainly
found in temperate and coastal areas like the canary islands, in agreement with previous reports
(Malviya et al., 2015). Leptocylindrales showed patches of high abundance in the Norwegian Sea
and the upwelling region off NW Africa which made it the overall most abundant order. These
parts are nutrient rich (Longhurst, 1998) and support blooms of larger diatoms like Corethales
and Rhizosoleniphycidae which co-occurred with Leptocylindrales (Yallop, 2001). These
findings are in agreement with measurements of the coast of Iceland in June 2001 also showing
high abundances of Leptocylindrus species which might suggest that this order comprises an
important component of the phytoplankton community in the North East Atlantic (Yallop, 2001).
Diatom diversity showed a negative relationship with increasing temperature for the Atlantic
transect, meaning that the temperate parts had a more diverse diatom community than the tropical
parts. This is in accordance with other reports where diatom diversity is reduced in the tropical,
oligotrophic parts of the Atlantic Ocean and are outcompeted by picocyanobacteria such as
Proclorocossus and Synechococcus (Tarran et al., 2006; Carpenter et al., 1999; Maran˜o´n et al.,
2000; Zubkov et al., 1998; Heywood et al., 2006; Mojica et al., 2015). The smaller size of
picocyanobacteria presents a competitive advantage over bigger groups, e.g. diatoms, due to
lowered nutrient requirements, large surface area to volume ratio and small diffusion boundary
layers (Chisholm, 1992; Finkel et al., 2010).
Phytoplankton community in the Fram Strait varied according to hydrographic characteristics
(temperature and salinity) of the distinct water masses from the Arctic (East Greenland current
(EGC), low salinity, low temperature) and Atlantic (West Spitsbergen current (WSC), high
salinity, higher temperature) (Figure 2.3.7. Overall, temperature explained about 35% of the
variation in diatom abundance across the polar section, in agreement with other studies
conducted in the Fram Strait (Kilias et al., 2013; Hardge et al., 2015; Fragoso et al., 2016).
The amount of variation explained by the RDA models made us confident that we captured major
trends within our data, however, the remaining variation could be an indication of additional
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factors structuring phytoplankton communities in the Atlantic Ocean. For example, a study by
Mojica et al. (2015) found that stratification was a important factor in driving phytoplankton
communities in the North East Atlantic. However, stratification is influenced by temperature and
salinity and also impacts nutrient availability and is difficult to disentangle.
Since we only measured at one location at one point in time, we have no information about
temporal changes in phytoplankton diversity and distribution. Studies from the Pacific and North
Atlantic have shown, however, that phytoplankton communities show seasonal changes but have
a similar composition each year (Tarran et al., 2006; Kilias et al., 2013; Hardge et al., 2015;
Fragoso et al., 2016). Nevertheless, climate change driven community changes have already
occurred in the North Atlantic (Bluhm et al., 2011). For example, Neodenticula seminae, a
endemic diatom to the Pacific, has been reported throughout several years (first detection in
1999) in the North Atlantic and might have invaded through the Canadian Arctic Archipelago
and/or Fram Strait which is thought to have been possible due to extensive low ice cover North of
Canada (Reid et al., 2007). Furthermore, the coccolithophore Emiliania huxleyi has been shown
to expand further north in the Atlantic Ocean into areas formerly occupied by diatoms assumed to
be possible due to changes in nutrient regimes (Rousseaux and Gregg, 2015) and positive
temperature anomalies (Hegseth and Sundfjord, 2008; Stockwell et al., 2001). Thus, competition
between endemic Arctic species and temperate Atlantic species might increase with ongoing
ocean warming with currently unknown consequences for the polar ecosystem. Therefore, an
assessment of diatom diversity and distribution in general and of vulnerable ocean parts like the
Arctic is needed to form a baseline to which changes can be compared.
Diatom community richness was negatively correlated to temperature on the polar transect, with
a richer diatom community close to Greenland. Additionally, temperature seems to play a more
important role in driving community differences in the polar ocean than distance. This supports
our hypothesis that temperature is a important driver of diatom diversity and distribution.
Physical barriers, such as water mass fronts, could have caused the found biogeographic
distribution of diatom communities in the Fram Strait. The West Spitsbergen Current (WSC)
transports warmer, denser, water masses from the North Atlantic into the Arctic ocean, thus
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communities in this region could be classified as temperate communities. On the other side of the
Fram Strait, the East Greenland Current (EGC) transports cold, fresher, Arctic Waters into the
North West Atlantic. Thus communities in the western Fram Strait could be classified as polar
communities (Gradinger and Baumann, 1991). Indeed, the geographic disconnection of plankton
communities by temperature and salinity gradients has been suggested to underpin community
speciation (Kilias et al., 2014; Hardge et al., 2015; Wei and Kennett, 1988; Mousing et al., 2016;
Malviya et al., 2015). This disconnection of the diatom communities might be problematic for
climate change resilience as high connectivity increases genetic diversity, potentially maximising
adaptive potential (Momigliano et al., 2015). Nevertheless, plankton communities have been
shown to track changes in environmental conditions through their dispersal abilities (Cermen˜o
et al., 2010; Barton et al., 2016) and biodiversity recovery on large geological timescales
(Cermen˜o et al., 2010). It remains unclear however, how contemporary communities will respond
to the current fast-paced climate change and how their response might affect biogeochemical
cycles and food webs in the ocean.
Spatial processes seemed to have played no role in driving diatom communities in the Atlantic
Ocean transect as there was no significant correlation between diatom beta-diversity and distance.
Thus, diatom communities in the Atlantic Ocean do not seem to be dispersal limited. This stands
in contrast to a study by Chust et al. (2013) where distance played significant roles in shaping
diatom communities in the western part of the Atlantic Ocean.
The lack of correlation of beta-diversity with distance in the Atlantic Ocean might be related to
the patchy nature of diatom communities and environmental conditions. The tropical Atlantic is
generally nutrient poor supporting other phytoplankton groups than diatoms. However, several
up-welling regions provide enough nutrients to support diatom blooms (Malviya et al., 2015).
As we sampled some of these up-welling regions on our transect there might be shorter spatial
gradients within our dataset. Nevertheless, temperature correlated significantly with beta-diversity
pattern (rm=0.08, p-value=0.03) as well as richness (R2=0.26, p-value<0.001) suggesting that
temperature shapes diatom communities in the Atlantic Ocean. However, temperature explained
only 8% of community differences indicating that other factors or combinations of factors, such
as grazing, mixed layer depth or competition, might play significant role in shaping community
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composition.
The study of 18S ribotypes provides a much clearer picture of phytoplankton distribution and
diversity than the utilization of flow cytometry, microscopy or probe based approaches. Reduction
in sequencing cost and increases in computational power will make studies like this more feasible.
However, 18S studies have already allowed unveiling of unknown species and a more detailed
view of diatom distribution in the global Ocean (Vargas et al., 2015; Malviya et al., 2015; Stecher
et al., 2015).
2.5 Summary and conclusion
Diatom diversity (based on 18S ribotypes) and distribution was investigated over a longitudinal
transect in the Fram Strait and a latitudinal transect in the Atlantic Ocean. Diatom diversity and
biogeography in the Fram Strait was negatively correlated with salinity/temperature, and with
temperature in the Atlantic Ocean. Coscinodiscales was the most abundant diatom order and
dominated both transects, however, their wide distribution in the Atlantic Ocean was formerly
unknown. With this metabarcoding study we added additional information about diatom
distribution and diversity in the contemporary Atlantic Ocean. As, in this study, temperature has
been suggested to drive diatom diversity, global warming might pose challenges to diatom
communities, with potential negative effects on marine food webs and biogeochemical cycles.
Chapter 3
Phenotypic outcomes of adaptive
evolution to temperature in
Thalassiosira pseudonana
3.1 Introduction
Global change has been shown to have a strong impact on the ocean environment. CO2 in the
atmosphere is absorbed by the ocean (Caldeira and Wickett, 2003), which causes pH values of
the surface ocean waters to decrease with negative effects on, mainly, calcifying organisms such
as corals, molluscs and coccolithophores (Feely et al., 2004). Increasing water temperatures
result in increasing stratification, limiting the nutrient flux to the surface ocean (Cermeno et al.,
2008; Hofmann and Schellnhuber, 2009; Boyd, 2011). Furthermore, temperature has a direct
impact on organism physiology and ecology. With increasing stratification, phytoplankton
species are likely to experience higher light intensities by being trapped in surface layers of the
ocean. Out of these environmental factors, temperature has been shown to have the strongest
effect on marine autotrophs (Boyd et al., 2013; Tatters et al., 2013a; Schlu¨ter et al., 2014). And,
as shown in chapter 2, temperature drives diversity and distribution of diatoms in the ocean.
Furthermore, temperature interacts with other environmental parameters (light, carbon dioxide
concentration) on physiological process (growth rate, metabolic rate, photo-physiology or
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calcification) (Xu et al., 2014; Feng et al., 2009).
The temperature size rules suggests a negative correlation between cell volume and temperature
with 2.5% volume increase for every °C decrease in temperature (Atkinson, 1994). This has been
shown to hold true for most diatoms (Adams et al., 2013), however, diverging responses to
sublethal high temperatures have been reported (Atkinson et al., 2003). Metabolic rate increases
with increasing temperatures due to the temperature dependence of enzymes (Gillooly et al.,
2001; Peterson et al., 2007). Lowered temperature affects metabolic rates by reducing enzyme
reaction speeds and membrane viscosity. This can cause an imbalance between energy absorption
and metabolic sink in autotrophs (Ensminger et al., 2006). Reduced membrane viscosity can
impact nutrient acquisition as nutrient transport through the membrane is slowed. Nutrient
acquisition in relation to temperature has been shown to vary for temperate and polar
microorganisms. Polar diatoms have been shown to have a potentially higher acquisition rate of
silicic acid than temperate species, however, they are less efficient in utilizing it for growth
(Stapleford and Smith, 1996). Reay et al. 1999 showed that nitrate acquisition is inversely related
to temperature for marine bacteria and algae independent of their thermal niche. No clear
temperature dependence of phosphate utilization was measurable in natural phytoplankton
assemblages (Reay et al., 2001). Reduced nutrient acquisition can be compensated by means of
decreasing cell size, increasing the surface area for nutrient uptake in relation to cell volume
(Hein et al., 1995).
Long-term low temperature adaptation include modifications of membrane viscosity by alteration
of unsaturated fatty acid composition (Hazel, 1995), adjustments in pigment composition and
concentration to adjust energy absorption (Geider, 1987; Ensminger et al., 2006) and increased
expression of enzymes and ribosomes to compensate for lowered reaction speeds (Jørgensen,
1968) under lower temperatures. These cellular adjustments impact the elemental composition as
lipids (mostly C), proteins (mostly N) and ribosomes (mostly P) contribute to different element
pools (Geider and La Roche, 2002).
Multiple short-term experiments have investigated the immediate (incubation of several days)
response of natural and artificial diatom assemblages, and single species to changes in
temperature, while only few studies tested for longer-term (weeks to months) responses.
Furthermore, most long-term studies focused on growth responses, excluding measurements of
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changes in cell quotas of elements like nitrogen, phosphate or silicon. However, these
measurements are important for estimating the effects of ocean warming on biogeochemical
cycles and food quality (Rossoll et al., 2012). Short-term studies indicate that temperature causes
significant changes in the elemental composition of phytoplankton cells. For example, Thompson
(1999) showed for Tp, that a decrease in temperature results in increased cellular nitrogen and
carbon quotas. However, no changes in the carbon to nitrogen ratio were observed. In contrast,
cellular carbon quotas decreased for Chaetoceros calcitrans when temperature decreased
(Anning et al., 2001). Furthermore, carbon quotas increased with increasing temperature (Anning
et al., 2001).
Bacillariophyta, which Thalassiosira pseudonana (Tp) belongs to, are key players in the
contemporary ocean in terms of both abundance and ecological functionality. They produce
approximately 50% of marine primary production, playing an integral role in the global carbon
cycle as well as the cycling of other elements such as, silicon, nitrogen and phosphorus (Field,
1998; Smetacek, 1999, 2000; Ragueneau et al., 2006). Throughout their evolutionary history of
approximately 180 million years, diatoms have successfully adapted to changes in their marine
environment (Sims et al., 2006; ?). However, the ocean environment is changing at an
unprecedented rate with temperature having the strongest impact on diatom diversity and
distribution (see Chapter 2). Little is currently known how phytoplankton, and diatoms, will
respond evolutionary to ocean warming and how their responses might affect food webs and
biogeochemical cycles.
In order to investigate the long-term response to temperature changes of the model diatom
Thalassiosira pseudonana, an experimental evolution approach was implemented, selecting Tp,
for approximately 300 generations, at its upper (32°C) and lower (9°C) temperature limit under
nutrient replete conditions. Changes to Tp’s cellular composition (carbon, nitrogen, phosphate,
silicon and chlorophyll a) were measured at the end of the experiment. Furthermore,
physiological parameters, such as photosynthetic efficiency and size, were monitored over the
course of the experiment. All measured parameters were related to selection temperature
providing insight into the phenotypic outcomes of the evolution of thermal tolerance.
The experimental setup allowed investigating the following hypothesis:
• High and low temperature selection lines adapt to novel thermal conditions.
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• Stoichiometric changes underpin thermal adaptation.
• Cell size follows an inverse relationship to temperature with bigger cells under lower
temperatures.
• Light-temperature interactions result in changes of cellular chlorophyll concentrations.
• Temperature optima shift towards selection temperatures while the temperature maximum
will remain stable.
3.2 Material and Methods
In order to investigate the mechanisms of thermal adaptation in diatoms, we conducted a long-
term temperature study exposing Thalassiosira pseudonana (Tp) (CCMP1335) to high and low
temperatures.
3.2.1 General experimental setup
Populations Thalassiosira pseudonana (CCMP1335) (formerly know as Cyclotella nana) were
cultivated at optimal (22°C), high (32°C) and low (9°C) temperatures. Populations with potential
standing genetic variation were used, instead of a single clone to simulate natural populations and
maximise the evolutionary response to temperature selection.
Cultures growing at optimal temperature were kept in a climatically controlled room with light
from above with an intensity of 75 ± 5 µmol photons·m-2·sec-1. Light for all three experimental
setups was provided by Sylvania Grolux fluorescent light tubes (120 cm, 36 W, Grolux
T8/Minilynx, Havells Sylvania Europe Ltd, London, UK) with a higher output in the red and blue
wavelengths. The high and low temperature cultures were kept in plant growth chambers
(Panasonic Biomedical Sales Europe BV, Etten Leur, The Netherlands) with lights from three
sides with an intensity of 75 ± 5 µmol photons·m-2·sec-1. Light intensity and spectra were
measured with a spectroradiometer (Macam Photometrics LTD., Livingston, Scotland).
All cultures were cultivated in artificial seawater made up with Seachem Marine Salt™, F
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strength macronutrients, F/2 strength micronutrients (Guillard 1975) and sterile filtered with
Millipore Polycap HD 0.65/0.45 µm and Sterivex 0.2 µm filters. The pH of the media was
adjusted with HCl to 7.9, salinity was adjusted to 33 PSU by adding more Seachem Marine
Salt™or MilliQ water. Media was stored in polycarbonate 2.5 L bottles at respective
temperatures in black plastic boxes, excluding 32°C . Media permanently stored in the dark at
32°C showed signs of bacterial growth. Therefore, media for the 32°C cultures was stored at
22°C and acclimated overnight to 32°C before the transfers.
3.2.2 Cell cultivation and transfers
All experimental cultures were cultivated semi-continuously in 25 cm2 polystyrene flasks with
vented caps (VWR, Lutterworth, UK) and transfers were conducted every third day until each
experimental setup reached 300 generations. Development of the cultures was monitored at every
transfer by measuring cell concentration, average diameter and photosynthetic quantum yield of
photosystem II (Fv/Fm). At every transfer, 3.5x105 cells were transferred into new flasks with
fresh media to assure exponential growth. Cultures were always transferred before they reached
stationary phase.
Cell concentrations before each transfer were measured with a Beckman Coulter counter by
transfering 1 mL per replicate into 19 mL salt water (33 PSU) in a coulter vial. The vial was
inverted several times before measurement. Cell concentration measurements with the coulter
counter provided average diameter measurements at the same time which were used for diameter
trends over the course of the experiment.
The photosynthetic quantum yield of photosystem II (Fv/Fm) was measured by transfering 5 mL
of each dark adapted replicate into the quartz glass cuvette (WATER-K) provided with the
WATER-PAM (Heinz Walz GmbH, Effeltrich, Germany). A modulated light source, too low to
drive photosynthesis, was then used to measure the minimum fluorescence (Fo) followed by a
short saturating light pulse, closing all reaction centres. This allows measurement of the
maximum fluorescence (Fm). Fv/Fm is then calculated by the WATER-PAM software based on
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the following formula:
Fv/Fm =
(Fm− Fo
Fm
) (3)
An Fv/Fm in the range of 0.6-0.7 is considered healthy for Thalassiosira pseudonana, while a
lower value is indicative of cell stress.
3.2.3 Sampling and extractions
Sampling for particulate carbon and nitrogen (POC/N), particulate phosphorus (POP), biogenic
silica (bSi) and pigments was conducted for all cultures every 50th generation for all cultures.
Due to instrument failure all samples of POC/N and POP, except for the last sampling point (300
generations), were destroyed. Replicate cultures were inoculated into 2 L Erlenmeyer flasks and
grown to a density of 5·105 cells·mL-1, providing enough material for extractions and analysis.
Furthermore, samples of the selection lines were taken for cryopreservation as well as fixated with
formaldehyde. For each of the five biological replicate, three technical replicates were taken.
3.2.3.1 Particulate organic carbon and nitrogen (POC/N)
For POC/N measurements, 50 mL of each replicate were filtered under low pressure (<150 mm
Hg) onto pre-weighed and combusted (4.5 hours at 450°C) glass fibre filters (GF/F) (25 mm
diameter, Whatman, ME, USA) and rinsed once with distilled water to remove salts that would
interfere with the later analysis. Filters were placed in 6-well plates with combusted aluminium
weighing pans, dried at 60°C and kept in desiccators until analysis. For analysis, dry filters were
folded into nylon caps and finally analysed via the combustion technique in an Exeter 440
elemental analyser. In order to calculate the carbon content of the samples, a calibration was
done by weighing different amounts of standards (Acetanilide, Sigma-Aldrich, MO, USA) into
tin capsules. The carbon and nitrogen content of sample filters was then calculated internally by
the instruments software. The carbon and nitrogen content was then calculated per cell based on
cells on filter. Additionally, carbon and nitrogen content were expressed as content per volume.
Average volume calculations per cell were performed with average diameter and length
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measurements from light microscopy (see section 3.2.3.6 for more detail).
3.2.3.2 Particulate organic phosphate (POP)
For POP measurement, 50 mL of each replicate were filtered under low pressure (<150 mm Hg)
onto pre-weighed and combusted glass fibre filters (GF/F) (Whatman, 25 mm diameter) and
rinsed once with distilled water to remove salts that would interfere with the later analysis. Filters
were placed in 6-well plates with combusted aluminium weighing pans, dried at 60°C and kept in
desiccators. Phosphate extraction was done using the Potassium Persulfate (K2 S2 O8) digestion
method of (Suzumura, 2008). Dried filters were placed in 50 mL acid washed Scott Duran bottles
and 18 mL of 3% persulfate solution was added. Bottles were sealed as tight as possible and
autoclaved for 30 min at 120°C. After samples had cooled down, 18 mL MilliQ water was added
to reduce the persulfate concentration and to increase the pH >1.5. A final potassium persulfate
concentration of more than 3% has been shown to interfere with the optical analysis of the
samples (Suzumura, 2008). Phosphate contend per filter was measured with an Perkin Elmer
Lambda 25 UV/Vis spectrophotometer and autosampler. These results were then expressed as
particulate phosphate content per cell and volume. Average volume calculations per cell were
performed with average diameter and length measurements from light microscopy (see section
3.2.3.6 for more detail).
3.2.3.3 Biogenic silica (bSi)
In order to analyse the bSi content of the cultures, 50 mL were filtered onto polycarbonate filters
(25 mm diameter, 1.2 µm pore size, Millipore, MA, USA) under low pressure (<150 mm Hg)
and dried at 60°C. Filters underwent a silica digestion before analysis by placing the filters in
polymethylpentene (PMP) tubes, adding 4 mL of 0.2 M NaOH. The tubes were then placed in a
water bath heated to 95°C for 1 h, neutralized with 1 M HCl and cooled before centrifugation for
15 min at 3000 rpm. The supernatant was transferred into new falcon tubes and stored in the fridge
for subsequent dissolved silicic acid (DSi) analysis. DSi concentrations were determined with an
Perkin Elmer Lambda 25 UV/Vis spectrophotometer and autosampler. DSi content was expressed
as content per cell and surface. Average surface per cell calculations were performed with average
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diameter and length measurements from light microscopy (see section 3.2.3.6 for more detail).
3.2.3.4 Chlorophyll a
For pigment analysis, 50 mL of each biological replicate were filtered onto GF/F filters under low
pressure (<150 mm Hg) and snap frozen in liquid nitrogen. Samples were stored at -80°C until
further analysis. Pigments were extracted by placing the frozen filters in brown glass scintillation
vials, adding 10 mL of 90% Aceton and incubation in the dark and cold overnight. In order to
measure chlorophyll a (chl a) concentrations, acidified and unacidified sample absorption was
measured at 665 and 750 nm with a spectrophotometer (Perkin Elmer LS45 Spectrometer,
Waltham, MA, USA). To calculate chl a concentrations, a standard curve of known chl a
concentration was measured (Appendix Figure 6.2.2). These measurements were expressed as
chl a content per cell and volume. Average volume calculations per cell were performed with
average diameter and length measurements from light microscopy (see section 3.2.3.6 for more
detail).
3.2.3.5 Statistical analysis of stoichiometric results
Nutrient (carbon, nitrogen, phosphate and silicate) content per cell and volume as well as ratios
were analysed for significant differences with the statistical program SPSS Statistics (IBM SPSS
Statistics, Version 22). Each dataset was tested for homogenity of variance and if not significant at
the 0.05 level, a multiple group comparison (one-way ANOVA) with a Tukey’s post-hoc test was
used to test for significant differences between temperature treatments. If the test for homogenity
of variances was significant, a multiple group comparison with a Games-Howell test was used.
Were available, technical replicates for biological replicates were averaged. Replicate 5 of the
9°C treatment was seperated from the other replicates because of the different evolved phenotype.
Results were visualized as boxplots generated in Sigmaplot (SysStat Software, Inc, Version 10).
Small letters were used to indicate significant differences (p-value <0.05) between the boxes with
different letters.
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3.2.3.6 Light microscopy and scanning electron microscopy
In order to relate stoichiometric measurements to size or shape changes of the cells, 80 - 100 mL
of culture were fixed in duplicate with 2% Formaldehyde (final concentration) in brown glass
bottles and stored in the dark and at room temperature (about 18°C). Formaldehyde was chosen
as the fixing agent as it preserves frustule structure and allows sample preparations for scanning
electron microscopy (Bank Beszerti, personal communication).
Scanning electron microscopy (SEM) Culture samples (15 mL) for scanning electron
microscopy were transferred to a 15 mL centrifugation tubes and centrifuged at 500 rpm for 5
min. The supernatant was carefully decanted and tubes filled up with MilliQ water and
centrifuged again. This washing step is repeated five times. After the washing, samples are
treated with a 1:5 bleach solution for 7 min and washed again. Samples are mounted onto round
glass covers and dried over night. Stubs are sputtered with gold particles and imaged with a SEM
at the John Innes Centre (Norwich Research Park).
Light microscopy Samples for microscopic measurements of cell size are centrifuged to
concentrate the cells and 1 mL was transferred to a Sedgewick-Rafter cell S50 (Pyser-SGI, West
Chester, PA, USA). Sedgewick-Rafter cells were analysed with a Zeiss AxioPlan 2ie widefield
microscope (Zeiss, Jena, Germany) equipped with a AxioCam HRm CCD camera (Zeiss, Jena,
Germany). Pictures were analysed with ImageJ and Tp’s cell length and diameter was measured
for at least 100 cells per sample. These measurements were used to calculate the average cell
surface (equation 4) and volume (equation 5) with the formula:
S = 2× pi × r × h+ 2× pi × r2 (4)
V = pi × r2 × h (5)
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3.2.4 Reciprocal transplant assays
After 300 generations of temperature selection, reciprocal transplant assays were conducted for
each selection temperature by placing triplicates of each biological replicate at all three selection
temperatures (Figure 3.2.1). All experimental cultures were acclimated for 10 generations at the
assayed temperatures prior to growth measurements. A whole growth curve (exponential to
stationary) was measured for each assay. Growth rates were calculated for the exponential phase
of the growth curve by selection of at least three data points and fitting of a trend line.
Figure 3.2.1: Experimental setup of reciprocal transplant assays. 9°C selection cultures are
assayed at 9°C, 22°C and 32°C. The same is done for 22°C and 32°C selection cultures.
3.2.4.1 Statistical analysis of transplant assay
For the transplant assay, three technical replicates were measured for each of the five biological
replicates. The technical replicates were averaged and all growth rates log10 transformed to
produce a normal distributed dataset (Shapiro-Wilk normality test, p-value=0.06). Levene’s test
was used to test for homogeneity of variance (p-value=0.06). A two-way ANOVA (stats package
in R) was conducted to examine the effect of selection temperature and assay temperature on
growth rate. There was a statistically significant interaction between the effect of selection and
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assay temperature on growth rate, (F(4,40)=470.8 (p-value <0.001)). A post-hoc Tukey HSD test
was implemented to test for significant different growth rates between the selection lines at each
assay temperature.
3.2.5 Temperature response curves
In order to identify shifts of the temperature optimum, temperature response curves were measured
in a custom built Temperature Gradient Bar (by Eric Buitenhuis UEA) for one replicate of each
selection temperature. Time restrictions did not allow for measuring all five replicates in the
gradient bar, therefore, only one biological replicate was measured for each temperature treatment
(22C Tp1, 32C Tp3, 9C Tp1 and Tp5). Cultures were acclimated for three transfers, approximately
10 generations, in the gradient bar with temperatures ranging from +4°C to +37°C. A preliminary
response curve conducted under experimental light intensities (70 ± 5 µmol photons·m-2·sec-1)
showed a wide plateau in growth rates, not allowing identification of a clear temperature maximum
(Appendix). Therefore, light intensities were set to 165 ± 15 µmol photons·m-2·sec-1 to assure
saturated photosynthesis and clear maximum growth rates.
3.2.5.1 Temperature response curves - Modelling
We selected three models to estimate temperature maximum (Tmax) and temperature optimum
(Topt). Model (3) is a optimum equation based on Schoemann et al. (2005), the fourth model is
an exponential equation after Norberg (2004) and the fifth is a beta distribution equation from Yan
and Hunt (1999). The three models were evaluated with the temperature response curve for the
control lines and model selection was based on Akaike’s Information Criterion (AIC) (Anderson
et al., 1998) values. The model with the lowest AIC value, compared to other models, describes the
data set best, however, it is no measure of how well a model fits overall. A significant difference
between two models is found for differences in AIC values of more than 2.
µ = µmax × e
[
− (T−Topt)
2
dT2
]
(6)
84 Phenotypic outcomes of adaptive evolution to temperature in Thalassiosira pseudonana
µ =
[
1−
(
T − Z
w
)2]
× 0.59e0.0633T (7)
µ
µmax
=
(
Tmax − T
Tmax − Topt
)
×
(
T
Topt
) Topt
Tmax−Topt
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In model 6, growth rate µ is a function of the maximum growth rate µmax, temperature T, optimum
temperature Topt and the temperature interval of growth dT (Schoemann et al., 2005). Model 7
relates growth µ to temperature T, temperature niche width ω and the temperature optimum Z
(Norberg, 2004). The fifth model (equation 8) relates normalized growth to temperature T, the
optimum temperature Topt and the maximum temperature Tmax where growth occurs (Yan and
Hunt, 1999).
3.2.5.2 Statistical analysis of temperature response curves
Growth data for all three lines (9 °C, 22 °C and 32 °C) was normalized to the maximum achieved
growth rate. Nonlinear (weighted) least-squares (nls) estimates, based on the Yan et al.
?Yan1999) model, (nls, part of the nlstools package) were used to estimate model parameters
(Topt and Tmax) using the statistical computing software RStudio (Version 0.99.441) (?).
Starting values for the nls function were estimated based on visual inspection of the normalized
temperature response curve. Since the temperature response curves were only measured for one
biological replicate per temperature treatment, Topt estimates (N=1 per temperature treatment)
were tested for correlation (pearson) with selection temperature.
Temperature response curves of the smaller and larger cold adapted Tp cultures (9C Tp1 and
Tp5, N=3 each) were tested for significant differences by comparing the non-linear curve fits
with an ANOVA. For this, overall fits between the two data sets were compared by constructing a
pooled data set containing growth rates for both phenotypes coded as factors. This then allows to
fit different sets of values for the model parameters depending on the phenotype and test for
significant difference between the pooled and phenotype fits with an ANOVA. If significant,
parameter estimates for Topt and Tmax were tested for significant differences. T-scores based on
a Welch’s t-test were calculated for each parameter and used together with the degrees of
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freedom to calculate the p-value with the ”P value from t score calculator”
(http://www.socscistatistics.com/pvalues/tdistribution.aspx, last
accessed 22nd of March 2016).
3.3 Results
3.3.1 Physiological responses to temperature changes
3.3.1.1 Growth and photosynthesis
Five replicates for each temperature treatment were grown at 22°C, 9°C and 32°C and are referred
to as control, low and high temperature treatments, respectively. Initial growth rates, right after
the transfer to the selection temperatures, are shown in Figure 3.3.1.
Figure 3.3.1: Boxplot of growth rates at the beginning and end of the experiment for control
cultures at selection temperatures. Growth rates are based on five replicates at each assay
temperature. Lines in the boxplot show the median growth rate. Gray boxes represent initial
growth rates immediately after transfer to selection temperatures (T0). Green boxes show
growth rates of the control cultures (22°C) after 300 generations measured at all three selection
temperatures.
The initial temperature treatment at 9°C and 32°C resulted in reduced growth rates in comparison
to the control temperature. The growth rate reduction was most pronounced at 9°C with an initial
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growth rate of 0.78−d. High temperature cultures showed an initial growth rate of 1.1−d while the
control cultures at 22°C showed the highest growth rate with 1.9−d.
Before each transfer, cell concentrations and photosynthetic efficiency were measured. Number
of generations completed between transfers were calculated based on cell yield after three days.
Generations completed between each transfer increased for all three temperature treatments for
about 50 generations and remained stable until the end of the experiment (Figure 3.3.2). Control
replicates produced seven generations, high and low temperature replicates six and four
generations on average, respectively.
Figure 3.3.2: Generations produced of selection lines between each transfer over the course of the
experiment. Control cultures (22°C) in green, high temperature cultures (32°C) in red and low
temperature treatment (9°C) in blue.
Photosynthetic quantum yield (Fv/Fm) was monitored over the course of the experiment and
measured before every culture transfer (Figure 3.3.3). High and low temperature treatment
resulted in reduced Fv/Fm in the high and low temperature replicates while the control replicates
were unaffected. Initial Fv/Fm dropped from 0.66 to 0.57 for the high temperature treatment and
to 0.42 for the low temperature treatment. For replicates grown at control temperature (22°C),
Fv/Fm remained stable at 0.66 over the course of the experiment. Interestingly, the low
temperature cultures showed a continuous significant (p-value <0.001, R2=0.52) increase in their
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photosynthetic efficiency until the end of the experiment (Figure 3.3.3, blue).
Figure 3.3.3: Photosynthetic quantum yield of PSII (Fv/Fm) over the course of the experiment.
Control cultures (22°C) in green, high temperature cultures (32°C) in red and low temperature
treatment (9°C) in blue. Control and high temperature cultures showed no change in their Fv/Fm,
while low temperature Fv/Fm increased significantly (blue line, p<0.001) until the end of the
experiment (R2 0.52).
The average cell diameter was measured at every transfer and is shown in Figure 3.3.4. Control
(green) and high temperature (red) selection cultures showed increases in their average cell
diameter for the first 100 generations and remained stable at 4.8 µm and 5.25 µm, respectively,
until the end of the experiment. The average diameter for the low temperature (light and dark
blue) selection lines increased over 200 generations and stabilized at 5.9 µm for four (dark blue)
out of five replicates.
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Figure 3.3.4: Average diameter trends over the course of the experiment for all three temperature
treatments based on coulter counter measurements. Low temperature cultures (9°C, left), control
cultures (22°C, middle) and high temperature cultures (32°C, right). Each measurement shows the
average of five replicates (four replicates for the low temperature cultures 1-4 (darkblue), one for
replicate 5 (light blue)) and the corresponding error bars.
One replicate of the cold temperature cultures showed a decline in the average cell diameter, to 4.5
µm, after the initial increase over 200 generations (Figure 3.3.4, light blue) compared to the other
four replicates (Figure 3.3.4, dark blue).
In order to test for adaptation to the selection temperatures, reciprocal transplant assays were
conducted after 300 generations for all replicates of each selection experiment. All selection
cultures showed the highest growth rates at their selection temperature and reduced growth under
ancestral conditions (Figure 3.3.5). There was a statistically significant interaction between the
effect of selection and assay temperature on growth rate, (Two-way ANOVA, F(4,40)=470.8 (p-
value <0.001)).
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Figure 3.3.5: Boxplot of growth rates (µ/µmax) of each temperature selection line (9°C (blue),
22°C (green), 32°C (red)), after 300 generations, at assay temperatures. A two-way ANOVA
showed that there was a statistically significant interaction between the effect of selection and
assay temperature on growth rate, (F(4,40)=470.8 (p-value <0.001)) (Table 3.3.1). A post-hoc
Tukey HSD test was used to test for significant differences (p-value <0.05) between growth rates
of each selection line at the assay temperatures. Small letters indicate significant differences
between boxes. Error bars indicate one standard deviation.
Table 3.3.1: Results of the two-way ANOVA with Selection Temp and Assay Temp interaction
term implemented to analyse the reciprocal transplant assay. All terms were significant at the 0.05
level.
Source DF F value p-value
Selection Temp 2 357.0 <0.001
Assay Temp 2 628.7 <0.001
Selection Temp : Assay Temp 4 470.8 <0.001
Residuals 36
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3.3.1.2 Temperature response curves (TRC)
To evaluate whether temperature niche and width changed under the three selection temperature,
we evaluated three temperature response models (see Methods section 3.2.5.1) with our control
dataset (22°C) (Figure 3.3.6). The Schoemann equation (model 6, Figure 3.3.6, dark blue)
overestimates growth responses at the higher temperature range while the Norberg equation
(model 6, Figure 3.3.6, orange) overestimates growth responses at the lower temperature ranges.
The Yan equation (model 8, Figure 3.3.6, black) fits the dataset smoothly which is also
represented in the AIC values (below).
Figure 3.3.6: Visualization of tested models fitted to the temperature response curve of control
cultures (22°C, dark green circles). Schoeman model (6) in dark blue, Norberg model (7) in
orange and Yan (8) in black. The Yan equation showed the smoothest fit to the data.
The relative fit of the three tested equations was calculated with AIC values 3.3.2. AIC values are
a measure for how well a model fits to a given dataset. The model with the smallest AIC value
represents the best fit, however, it is no measure for the goodness of the fit. Based on the AIC value
calculations and visual inspection, model 8 (Yan and Hunt, 1999) (arrow) represents the best fit to
our dataset and was chosen for modelling the high and low temperature TRCs.
3.3 Results 91
Table 3.3.2: AIC values of fitted models to the temperature response curve of control lines (22°C).
Model AIC
Yan (8) -101.31204 ←
Schoemann (6) -41.39021
Norberg (7) -74.28916
Model 8 (Yan and Hunt, 1999) was fitted to all three temperature response curves of the selection
lines and parameter estimates for Topt and Tmax calculated. Low temperature selection line (9°C
Tp1, blue) showed a decrease in their optimal temperature from 24.94°C ±0.23°C to 22.82°C
±0.22°C. Furthermore, the 9°C selection lines showed a reduction in their temperature maximum
from 35.57°C ±0.17°C to 33.94°C ±0.24°C. In contrast, the high temperature selection line
(32°C, red) showed the opposite trend, namely an increase in their temperature optimum to
25.8°C ±0.25°C. The temperature maximum showed no change. Changes in optimum
temperature were not significantly correlated to the selection temperature (p-value=0.1) (Figure
3.3.7).
Figure 3.3.7: Correlation between temperature optimum (A) and maximum (B) estimates based
on Yan model (Yan and Hunt, 1999) and selection temperature. Low temperature optimum (9°C)
estimate is shown in blue, optimum temperature optimum (22°C) in green and high temperature
optimum (32°C) in red. The correlation was not significant (p-value 0.1).
Low temperature replicate 5 (light blue) showed a significant different temperature response curve
in comparison to replicates 1-4 (blue) and control cultures (green) (Figure 3.3.8, right). Replicate
5 showed a optimum temperature of 23.81°C ±0.29°C (p<0.001) and a temperature maximum of
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36.09°C ±0.46°C (p<0.001).
Figure 3.3.8: TRC models for low temperature selection lines 1-4 (larger phenotype, darkblue)
and line 5 (smaller phenotype, lightblue) after 300 generations of temperature selection.
3.3.2 Cellular composition of Thalasssiosira pseudonana under high and low
temperature selection
Temperature selection had an impact on the cellular stoichiometry of Tp (Figure 3.3.9). Carbon
content per cell (Figure 3.3.9) increased significantly (p<0.05) with temperature from 8.1 ±2.2
pg at 9°C (blue) to 18.2 ±4.1 pg at 32°C (red), while control cultures at 22°C (green) showed
11.7±1.2 pg carbon per cell. Biogenic silica content (pg) per cell (Figure 3.3.9) showed
significant (p 0.05) increases for both low (blue) and high (red) temperature lines in comparison
to the control cultures (green). The biogenic silica was lowest for the control with 4.4 ±0.42 pg
and increased to 5.9 ±0.39 pg and 6.6 ±1.3 pg for low and high temperature cultures. Cellular
nitrogen content per cell (Figure 3.3.9) was significantly (p 0.05) reduced for low temperature
cultures (blue) at 1.25 ±0.39 pg while control (2.02 ±0.13 pg) and high temperature (2.14 ±0.39
pg) lines showed no significant difference in their cellular nitrogen content. Furthermore,
temperature had an impact on the cellular chlorophyll a (chl a) content (Figure 3.3.9) which
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increased with increasing temperature. Low temperature cultures (blue) had the lowest chl a
content per cell with 0.22 ±0.02 pg. High temperature cultures (red) showed the highest chl a
content with 0.74 ±0.15 pg while control cultures (green) had 0.44 ±0.03 pg chl a per cell.
Concentrations of intracellular phosphate did not vary significantly between the selection lines at
low and high temperature (p >0.05). Low temperature lines (Tp 1-4) showed the lowest
phosphate content with 0.46 ±0.05 µg per cell. Low temperature replicate 5 had a significant
lower phosphate content than the other low temperature replicates (p<0.05).
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Figure 3.3.9: Cellular carbon, nitrogen, biogenic silica and chlorophyll a content per cell for all
three selection lines. Control cultures in green, high temperature and low temperature treatments
in red and blue respectively. Thick black lines in the box plot represent mean while thin black lines
respond to the median. Small letters next to the box indicate significant differences to other boxes.
Boxes sharing the same letter(s) are not significantly different, while different letters indicate
significant differences. Values were significantly different at a p-value cut-off of 0.05.
Because the average cell volume changed under the three different selection temperatures (see
Figure 3.3.4), cellular content of carbon, biogenic silica, nitrogen and chlorophyll a was related
to cell volume, and cell surface in case of biogenic silica (Figure 3.3.10). Carbon content per cell
volume (Figure 3.3.10) increased significantly from 9°C to 22°C from 0.07 µm−3 ±0.02 pg to 0.17
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µm−3 ±0.02 pg (p<0.05). 32°C cultures (0.21 µm−3 ±0.05 pg) showed an insignificantly increased
volume related carbon content in comparison to the 22°cultures. When bSi content was related
to cell surface area (Figure 3.3.10), low temperature culture (blue) concentrations decreased (0.04
µm−2 ±0.003 pg) while high temperature culture (red) concentrations increased significantly (0.06
µm−2 ±0.01 pg) in comparison to the control cultures (green) with 0.05 µm−2 ±0.005 pg (p<0.05).
Low and high temperature cultures had the same bSi content per cell (Figure 3.3.9) however, in
case of the low temperature cells, distributed over a larger surface area resulting in the decreased
bSi content per cell surface area. Low temperature replicate 5 showed the lowest nitrogen content
per volume with 0.006 µm−3 ±0.002 pg (Figure 3.3.10) (p<0.05). Low temperature replicates 1-4
had a higher nitrogen content per volume 0.01 µm−3 ±0.002 pg but significantly lower than control
and high temperature cultures (p<0.05). The highest nitrogen per volume content was reported
for control cultures with 0.03 µm−3 ±0.002 pg while nitrogen per volume content was slightly
lower for the high temperature cultures (red) at 0.03 µm−3 ±0.005 pg (p>0.05). Chlorophyll a
content per cell volume (Figure 3.3.10) increased significantly from 9°C to 22°C (p<0.05). The
low temperature selection lines showed a significant decrease in their chlorophyll a content per
volume in comparison to the control lines (Figure 3.3.10, blue and green respectively) while the
high temperature selection lines (red) showed a slight increase in their chlorophyll a (p>0.05).
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Figure 3.3.10: Cellular carbon, nitrogen, biogenic silica and chlorophyll a content per cellvolume
for all three selection lines. Control cultures in green, high temperature and low temperature
treatments in red and blue respectively. Thick black lines in the box plot represent mean while thin
black lines respond to the median. Small letters next to the box indicate significant differences to
other boxes. Boxes sharing the same letter(s) are not significantly different, while different letters
indicate significant differences. Values were significantly different at a p-value cut-off of 0.05.
Furthermore, C:N, C:bSi, C:chl a and N:P ratios were calculated for the three selection lines
(Figure 3.3.11). The general Redfield ratio of carbon to nitrogen (C:N) has been reported as 6.6
carbon per nitrogen (Redfield, 1958). This corresponds well with the low temperature cultures
(blue) with a C:N of 6.4 ±0.58. Both, low (1-4, blue) and high (red) temperature selection lines
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showed a significantly higher C:N ratio in comparison to the control culture (p<0.05). High
temperature cultures (red) showed an C:N of 8.7 ±0.7 while the control cultures (green) showed a
slightly lower C:N of 5.8 ±0.4 (Figure 3.3.11). The C:bSi ratio (Figure 3.3.11) increased
significantly with increasing temperature from 9°C to 22°C and showed no further significant
increase to 32°C. Low temperature cultures (blue) showed the lowest C:bSi ratio with 1.36 ±0.34,
while 22°C and 32°C had ratios of 2.86 ±0.64 and 2.79 ±0.27, respectively. Nitrogen to
phosphate ratios showed no significant difference between control and low and high selection
lines and varied between 2.61 ±0.27, 4.61 ±1.68 and 5.84 pg N to pg P ±3.13 pg N to pg P for
low temperature, control and high temperature lines, respectively. However, the small replicate
(5, light blue) of the low temperature lines showed a significantly higher N:P ration with 13.1 pg
N to pg P ±2.62 (p<0.05). The C:chl a ratio (Figure 3.3.10) showed no significant changes with
selection temperature (p<0.05) however, low temperature cultures (blue) had the highest C:chl a
with a ratio of 40.8 ±5.97. High (red) and control (green) cultures C:chl a ratios were reduced by
almost 50% in comparison to low temperature cultures and reported as 24.6 ±2.04 and 24.2 ±2.13
respectively.
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Figure 3.3.11: Carbon to nitrogen, carbon to biogenic silica, carbon to chlorophyll a and nitrogen
to phosphate ratios for all three temperature treatments after 300 generations of temperature
selection. Control cultures in green, high temperature and low temperature treatments in red
and blue, respectively. Thick black lines in the box plot represent median. Small letters next
to the box indicate significant differences to other boxes. Boxes sharing the same letter(s) are
not significantly different, while different letters indicate significant differences. Values were
significantly different at a p-value cut-off of 0.05.
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3.4 Discussion
3.4.1 Physiological responses to high and low temperature selection
Experimental evolution approaches are a newly adopted method to study the effects of climate
change on species adaptation. The main focus was, until recently, the effect of increasing CO2
concentrations on marine phytoplankton. However, recent studies have shown the overarching
effect of temperature on phytoplankton physiology is playing a more important role than nutrient
availability or CO2 concentration (Boyd et al., 2015a; Schlu¨ter et al., 2014). However, not much
is known about long-term and adaptive responses of marine phytoplankton to temperature
changes. In order to study the effects of ocean warming on diatoms, we subjected the model
diatom Thalassiosira pseudonana to 300 generations of low (9°C) and high (32°C) temperature
selection under nutrient replete, semi-continuous culture conditions.
Evolved thermal tolerance has been shown to evolve within 100 generations in the green algae
Chlorella vulgaris (Padfield et al., 2016), meaning that growth rates under the selection
temperature increased over time. This agrees with results obtained for this thesis. A study with E.
hux reported similar trends for high temperature adaptation (Schlu¨ter et al., 2014). E. hux was
selected at its upper thermal limit and showed increased fitness under the selection temperature
compared to the ancestral conditions, which the authors argue suggest a shift in E. hux’s thermal
reaction norm. Furthermore, similar trends have been observed for yeast (Caspeta and Nielsen,
2015) and flagellates (a shift from 15°C to 70°C) (Dallinger, 1887) under high temperature
selection. We found that the temperature optimum of selection lines potentially showed flexibility
and responded to the selection pressure by shifting optimum (Figure 3.3.7, left), however, this
trend was not significant due to the lack of replication.
High temperature replicates showed a greater variability than low temperature replicates (with
one exception, see below). This might suggest population differences between replicates of the
high temperature lines. Since we did not start the experiment from a single cell (genotype), it is
likely that the replicate cultures consisted of populations with pre-existing genetic variability.
Slight differences in fitness between the different genotypes (novel or pre-existing) in the
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replicate populations might have resulted in different genotypes being selected in each replicate
(Bell, 1997a). This was even more prominent in the low temperature selection lines which
produced a distinct phenotype in one of the five replicates. Interestingly, no such divergence has
been reported for Emiliania huxleyi or Chlorella vulgaris (Padfield et al., 2016) under high
temperature selection (Schlu¨ter et al., 2014).
Strikingly, the average cell diameter of one replicate, of the low temperature lines decreased after
the initial increase to a value similar to the control lines (22°C) (Figure 3.3.4). This sudden
reduction coincided with a drop in the cell concentration reached between transfers for all low
temperature lines, however only replicate 5 reduced its average diameter afterwards. Two
different processes can be identified to cause such a divergence between replicates. The starting
population of the low temperature lines was likely to comprise of cells with a range of cell
diameter. Low temperature selected for cells at the bigger diameter spectrum and these cells
gradually rose to dominance in all replicate populations. However, some cells with the smaller
average diameter might have still been present in the population after the diameter increase. The
speculated drop in fitness, which coincided with the diameter decrease, could have given the
smaller cells a fitness advantage allowing them to reach a different fitness peak, that required
small cell size, and a high N to P ratio (Figure 3.3.11), compared to the bigger cells. However,
the diameter reduction occurred over a much quicker time scale than the increase. This might
suggest that a mutation, with a strong fitness benefit, occurred in the smaller cells which were
then able to out compete the bigger cells. Furthermore, if some environmental variability
(technical fault of incubator, different batch of medium etc.) caused this drop in fitness, a return
to stable conditions would have again select against the smaller cells.
The diameter of the smaller, low temperature line stabilized shortly before the end of the
experiment. Surprisingly, we were not able to find a significant different growth rate between the
two phenotypes but the smaller lines were able to reach a higher yield in stationary phase
(Appendix, Figure 6.2.1). However, temperature response curves differed significantly between
the two phenotypes, with the smaller type showing a higher optimum and maximum temperature
than the bigger type (Figure 3.3.8). This might suggest that low temperature, and thus metabolic
rate was growth limiting as a smaller cell size is generally linked to a higher growth rate (see
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Finkel (2010).
Changes in cell volume over the course of the experiment support the ”temperature size rule”
(TSR) (Atkinson, 1994), which suggests a negative correlation between size and temperature,
about 2.5% reduction in cell volume for every °C increase (Atkinson et al., 2003). However, not
all diatoms seem to follow this rule (Adams et al., 2013). Low temperature Tp replicates 1-4
showed bigger cell volume compared to control conditions (22°C). Lowered metabolic rate, due
to low temperature, might result in delayed life cycle completion and a higher build up of
biomass (Heinle, 2013). In contrast, increased metabolic rates, under higher temperatures,
accelerate life cycle completion at the expense of cell size (Atkinson et al., 2003). Additionally,
lowered metabolic rate can be compensated by increasing ribosome concentrations. This is a
general response to a decline in temperature and has been suggested for other organisms (Loladze
and Elser, 2011). Interestingly, increased ribosome concentrations have been shown to be linked
to duplication of rDNA and length of their intergenic spacer (Elser et al., 2000). Thus, this might
underline the link between genome size, rDNA copy number and cell volume which has been
shown to vary between and within populations (Shuter et al., 1983; Zhu et al., 2005; Von Dassow
et al., 2008; Vargas et al., 2015; Elser et al., 2000).
High temperature selection resulted in slightly bigger cells, and was in agreement with Atkinson
(2003) who showed that under sub-lethal high temperatures, cell size can increase. This might be
an adaptive strategy to increase viability (Gallagher, 1983; Montagnes and Franklin, 2001).
Indeed, high temperature selection (32°C) was carried out at sub-lethal temperatures close to the
upper temperature limit (35°C). A similar trend of cell size increase under high temperature was
found for the zooxanthelle Symbidium sp. (Kirralee Baker, personal communication) and the
coccolithophore P. carterae (Heinle, 2013).
The photosynthetic quantum yield of PS II (Fv/Fm) of the low and high temperature lines
reduced significantly in comparison with the control lines after the start of the experiment.
Interestingly, the Fv/Fm of the low temperature cultures increased continuously over the course
of the experiment, while it remained stable for the high temperature lines (Figure 3.3.3). A study
by Mock et al. (2005) on long-term low temperature acclimation in the polar diatom
Fragilariopsis cylindrus (Fc) found full recovery of Fv/Fm to the level measured in their control
culture. Low temperature treatment interrupts the photosystems efficiency to distribute absorbed
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energy to metabolic sinks (Ensminger et al., 2006), for example, by slowing the electron
transport across thylakoid membranes due to lowered membrane viscosity (Morgan-Kiss et al.,
2002). This increases the minimal fluoresces (F0) as more energy is quenched as fluorescence
and results in a lowered Fv/Fm indicative of plant stress (Horvath et al., 1987; Morgan-Kiss
et al., 2002). Low temperature treatment exacerbates photodamage of the photosystems D1
protein (Huner et al., 1993). In cyanobacteria it has been shown that the repair of D1 proteins,
namely the reassembly of the protein into the membrane, is inhibited by decreased membrane
fluidity (Nishida and Murata, 1996). Thus, increasing unsaturated fatty acids in thylakoid
membranes might allow recovery of the Fv/Fm (Falcone et al., 2004; Morgan-Kiss et al., 2002),
due to elevated dissipation of excitation energy and increased repair rates of D1. Additionally,
Synechococcus has been shown to possess two different forms of the D1 protein (D1 and D1:2)
with D1:2 having a higher resistance to low temperature induced photoinhibtion (Campbell et al.,
1995). This might suggest that differential expression of D1 genes (psbA) aided Fv/Fm recovery
(Mock and Hoch, 2005; Campbell et al., 1995).
Unfortunately, the experiment presented here was terminated before the Fv/Fm stabilized,
therefore it is unclear whether the low temperature lines would have reached the Fv/Fm of the
control. However, the findings suggest that Tp, allowing enough time, is able to adjust its
photosynthesis under low temperature conditions. Nevertheless, adaptation under low
temperature selection might take longer than 300 generations.
3.4.2 Elemental and pigment changes under temperature selection
Cellular stoichiometric composition can be attributed to cell biochemistry with proteins and
nucleic acid contributing most to the organic N pool, while ribosomal RNA and phospholipids
are associated with the organic P pool. Additionally, N is found in chlorophyll a, b and c, and
amino acids (Elser et al., 1996; Geider and La Roche, 2002). In general, the increasing trends in
cellular carbon, nitrogen and chl a content with temperature increasing from low to optimum are
in accordance with other studies (Thompson, 1999; Berges et al., 2002; Stramski et al., 2002).
Carbon to nitrogen ratios remained stable from 9°C to 22°C but increased significantly at 32°C.
A similar response was found for E. hux to high temperature selection (Schlu¨ter et al., 2014), but
stands in contrast to studies by Berges et al. (2002) and Thompson et al. (1999) where C:N ratios
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of Tp were significantly lower at low temperature. Neither study investigated temperatures above
Tps optimum temperature.
The increased C:N ratio at 32°C appeared to be driven by decreased cellular nitrogen as well as
increased carbon content. Decreases in the different N pools (proteins, nucleic acid, amino acids
or chl a) could underline this trend. However, studies on Cylindrotheca fusiformis and green
algae found increases in amino acid concentrations with increasing temperature (Bermu´dez et al.,
2015; James et al., 1989). Decreases in protein concentrations (and presumably N) have been
reported for several marine diatoms in response to temperatures raised to the optimum
(Thompson, 1999), however, in this study, decreased N content was found for Tp cultivated
above its optimum temperature. This is in accordance with Nannochloropsis and Skeletonema
costatum where declining concentrations of amino acids and proteins (and presumably nitrogen)
were found in response to temperature increases above optimum (James et al., 1989; G.
Falkowski, 1977). Enzyme reaction speeds can be temperature dependent and increase with
temperature, enhancing biochemical reactions (Gillooly et al., 2001). Increased biochemical
reactions might be complemented by more protein and nucleic acids, potentially increasing the
cellular nitrogen pool (Thompson et al., 1992a). These arguments stand in contrast to my
findings, and additional research would be necessary to clarify the effect of decreased nitrogen
content of high temperature cultures resulting in an increased carbon to nitrogen ratio. The
increase in carbon content might be related to the increase in chlorophyll a (Figure 3.3.10) as it
contains much more carbon than nitrogen (Geider and La Roche, 2002). Thus, an increase in
chlorophyll a content might have a bigger effect on the cellular carbon content than on the
nitrogen content. Additionally, even though the C:N ratio was statistical significantly higher for
32°C evolved cultures, the values were in the range of ratios (5.1 to 13.3) observed for Tp and
other diatom species (Ho et al., 2003; Leonardos and Geider, 2004; Brzezinski, 1985).
Several models (Toseland et al., 2013; Daines et al., 2014; Yvon-durocher et al., 2015) predict an
increased N:P with increasing temperature due to reduced synthesis of ribosomes under high
temperature in contrast to increased synthesis of ribosomes and their P-rich rRNA under low
temperatures. This agrees with results obtained for this thesis, where N:P ratios increased with
increasing temperature (Figure 3.3.11). However, this seems to be mostly driven by a decline in
nitrogen (Figure 5).
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Surprisingly, low temperature replicate 5 had an five times higher N:P ratio (Figure 3.3.11) than
the other low temperature replicates (1-4). This appeared to be driven by a reduction in phosphate
content per cell (Figure 3.3.9). This stands in contrast to low temperature adaptations found in
other phytoplankton species where P-rich ribosome concentrations were increased to counteract
the reduced reaction rates at cooler temperatures (Loladze and Elser, 2011). However, a study on
Skeletonema cf. reported increased protein (and presumably nitrogen) concentrations under low
temperature (Jørgensen, 1968). Ribosomes are costly in P to synthesize, compared to N-rich
proteins, assuming cheap P phosphorylation (Flynn et al., 2010). Thus, the small low temperature
phenotype might have employed a strategy of increasing protein abundance, or functional protein
modification, without increasing ribosome abundance. Raven and Geider (1988) argue that both
strategies are not mutually exclusive. Either strategy must have provided a strong fitness benefit,
as they were able to out compete the bigger cells. Additionally, if they did not duplicate their
rDNA genes, as suggested for the bigger cells, this might also explain the smaller cell size, as
genome and cell size are suggested to be linked (Vargas et al., 2015; Gregory, 2001). The
combined differences (cell volume, temperature response curve and N:P ratio) of replicate 5
compared to the other low temperature replicates seem to suggest physiological and possibly
genotypic differences, however, gene expression patterns between low temperature replicates
were very similar (see chapter 4). Nonetheless, the high N:P ratio could have also been caused by
a methodical error, such as harvesting cells at the end of exponential phase where potential
P-limitation could increase the N:P ratio. However, cells, for all replicates, were harvested in
mid-exponential phase (about 5x105 cells mL−1).
It would have been interesting to see whether the elemental compositions changed initially due to
the temperature stress or if the endpoint measurements were due to gradual changes over time.
Sampling was indeed conducted to include more time points, however, due to instrument failure,
additional time points were unfortunately lost.
Temperature selection resulted in chlorophyll a concentrations changes (Figure 3.3.9), where chl
a increased with increasing temperature and decreased under low temperature. A change to a
lower temperature under constant light, as in this experiment, mimics high light conditions
resulting in an increased excitation of the photosystem as biochemical reactions are slowed were
as photochemical reaction are not. This can cause damage to the photosynthetic apparatus as
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cells might be unable to dissipate excess excitation energy and results in low temperature
chlorosis (Geider et al., 1998). This effect potentially results in the decrease of chl a and light
harvesting pigments (Geider, 1987; Davison, 1991). Another mechanism to counteract low
temperature photoinhibition (Davison, 1991) is the production of carotenoids. They act as
photoprotective pigments by scavenging reactive oxygen species and blocking excess light and
can thus counteract photoinhibition (?). Similar responses have been found for cyanobacteria
(Tang and Vincent, 1999; Va´rkonyi et al., 2002), diatoms (Anning et al., 2001; Spilling et al.,
2015) and green algae (Krol et al., 1997). Additionally, conversion of light harvesting pigments
to quenching pigments can reduce the energy absorption by chl a, as they are unable to pass their
energy towards chl a (Horton et al., 1999; Niyogi et al., 2005). However, we did not measure
pigments other than chl a and can thus only speculate.
3.5 Summary and conclusion
Thermal tolerance has been shown above to evolve rapidly within 300 generations of low and
high temperature selection providing first insights into phenotypic outcomes of temperature
adaptation in diatoms. Phenotypes seemed to reflect adaptive processes inside the cell resulting in
distinct phenotypes of low and high temperature lines. The low temperature phenotype of
replicates 1-4 was characterized by low chl a content, lowest element content, big average cell
diameter, and lowered optimum and maximum temperature. In contrast, low temperature
replicate 5 showed an even lower element content but the highest nitrogen to phosphate ratio as
well as a small average diameter and a higher maximum temperature compared to the other low
temperature replicates. The divergent evolution of low temperature replicates was unexpected
and highlights intraspecific variability in evolutionary outcomes. Elemental composition varied
between temperature treatments and were likely related to intrinsic adjustments of resource
allocation and assembly machinery. Thus, diatoms possess cellular plasticity in terms of cell size,
resource usage and allocation to physiologically adapt to temperature changes. This capacity will
certainly play a role in phytoplankton responses to ocean change and have implications for
biogeochemical cycles.

Chapter 4
Molecular underpinnings of
temperature adaptation in Thalassiosira
pseudonana
4.1 Introduction
Experimental evolution studies with microbes are a useful method elucidating adaptive pheno-
and genotypic modifications to a multitude of environmental conditions. Evolutionary
phenotypic outcomes to a variety of selection pressures (CO2, temperature, nutrients, salt) have
been investigated in Escherichia coli (Lenski and Bennett, 1993), Saccharomyces cerevisiae
(Dhar et al., 2011), Chlamydomonas reinhardtii (Perrineau et al., 2013), Emiliania huxleyi
(Lohbeck et al., 2012), Trichodesmium (Hutchins et al., 2015) and Skeletonema marinoi
(Scheinin et al., 2015), however, only a limited number made use of genomics-enabled tools to
identify the molecular underpinnings of the evolved phenotype (for example (Benner et al., 2013;
Ying et al., 2015; Helliwell et al., 2015; Hutchins et al., 2015; Blount et al., 2012)). Two main
questions that can be answered by using an genomics-enabled approach are: (i) How does the
environment influence the organismal transcriptome and (ii) How are gene expression differences
translated into a phenotype?
One avenue to identify such underpinnings is the analysis of gene expression changes to novel
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environments, generated by RNA sequencing (RNA-Seq), as the transcriptome, underpinning the
evolved phenotype, is orchestrated by the combination of environment (E, plasticity), organismal
genotype (G, evolution) and the resulting genotype by environment interaction (G x E) (Debiasse
and Kelly, 2016; Rockman, 2008; Zhou and Stephens, 2012). Thus, plastic responses can be
disentangled from evolutionary responses (?). RNA-Seq provides two advantages over the
commonly used microarray technology: (i) it provides sequence information of the entire
complement of mRNA in a organism and (ii) abundance information of million of reads (De Wit
et al., 2012). This approach allows identification or characterisation of genes responsive to
environmental stimuli. For example, Emiliania huxleyii’s (E. hux) response to increased CO2
levels provided great detail into the genetic regulation of carbon concentration mechanisms
(CCM) through up-regulation of putative CCMs (?Benner et al., 2013). Additionally,
comparative transcriptomics can be used to identify adaptive and plastic responses. For example,
a study with the intertidal snail Chlorostoma funebralis showed that temperature sensitive
populations differentially expressed a larger set of genes under heat stress than the control
population (Gleason and Burton, 2015). On the other hand, thermotolerant populations of
seagrass showed a greater transcriptome response than thermosensitive populations (Franssen
et al., 2014). These two responses could be interpreted as either an adaptive response, or that an
increased differential gene expression indicates a greater stress response (Debiasse and Kelly,
2016). In addition to gene regulation, expression differences might be a result of epigenetic
mechanisms underpinning phenotypes before genotypic changes arise (West-Eberhard, 2005).
One potential issue of whole-genome transcriptomics is the generation of long lists of
differentially expressed genes with known and unknown function. The typical annotation rate of
genes is about 50% limiting our understanding of transcriptome responses as many of the
unannotated genes exhibit differential expression (Logan and Buckley, 2015). Lists of annotated
differentially expressed genes can be grouped by function allowing identification of expression
differences between groups. One commonly used source of gene groups is the Gene Ontology
(GO) (Ashburner et al., 2000). Here, genes are grouped into three ontologies: Biological process,
molecular function and cellular component. Differential expressed genes can be assigned to
different cellular processes, falling into the three ontologies, which then allows testing for
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enrichment of certain ontologies or GO-terms, as one gene or gene product can perform functions
in multiple processes (Blake et al., 2015). Thus, a long list of differentially expressed genes can
be condensed into biological knowledge and potentially provide glues for further investigation.
Another database for functional annotation of gene or protein sequences is InterPro. With InterPro,
sequences are analysed for their functional sites and domains and grouped into protein families.
This provides a more detailed functional annotation than GO terms and can be a useful tool to
gain more functional insights of differentially expressed genes (Apweiler et al., 2001; Hunter
et al., 2009; Finn et al., 2016).
Combining transcriptomics and genomics has helped in some instances to elucidate adaptive
genotypic changes in response to novel environments. For example, in a study on experimental
evolution of E. coli to different oxygen levels, transcriptome profiles guided the search for
beneficial mutations (Puentes-te´llez et al., 2014). Whole-genome resequencing of evolved
phenotypes has shown that interactions, for example potentiation, between mutations can occur.
In case of a key innovation in E. coli, the genetic background had to acquire other mutations in
order for the new function to arise through mutation (Blount et al., 2012). Identifying potential
beneficial mutations is the first step in linking evolved geno- and phenotype. Allelic replacement
experiments, where identified mutations are brought into the ancestor background provide the
causal link between de novo mutation and observed phenotype (Conrad et al., 2011). Bantinaki et
al. 2007, for example, used allelic replacement experiments to identify the mutation causing a
Wrinkly Spreader phenotype in Pseudomonas fluorescens. However, not only mutations
contribute to organism adaptation, transposable elements and DNA methylation, among others,
can also contribute to phenotypic changes under novel conditions.
Epigenetics refers to the study of phenotypic changes that are not underlined by changes in the
genotype. Genome methylation, a epigentic mechanism, is the process of adding methylation
marks to cytosine and/or adenine, however cytosine marks have been studied in more detail.
These methylation marks have been shown to activate, repress or disable gene expression and can
be inherited (Maumus, 2009). Natural variation in DNA methylation marks between ecotypes of
Arabidopsis has been shown to relate to diverse phenotypes under varying environmental
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conditions (Bossdorf et al., 2010; Riddle and Richards, 2002). Additionally, Hutchins et al. 2015
suggested that DNA methylation changes in Trichodesmium underpin adaptation to high CO2
concentrations. Thus, environmentally induced methylation patterns can have similar effects on a
phenotype as DNA mutations (Bie´mont and Vieira, 2006), however, it is currently unclear how
much methylation contributes to phytoplankton adaptation. An important regulatory function of
DNA methylation is the activation and silencing of transposable elements (TEs).
TEs are DNA sequences that can be spread through an organisms genome in a copy-and-paste or
cut-and-paste manner. Thus, TEs are likely to impact adaptation of organisms through their
ability to generate mutations, altering gene function or expression (Maumus et al., 2009).
Additionally, TEs have been shown to be response to changes in environmental conditions
(Casacuberta and Gonza´lez, 2013). Based on their mode of transposition, two classes of TEs
have been established: Retrotransposons (Class I) that replicate through an RNA intermediate
and DNA transposons (Class II) that lack the RNA intermediate. The most abundant class of
transposons in diatoms are retrotransposons (Maumus et al., 2011) and as they replicate through
an RNA intermediate, whole-genome transcriptomics can be used to identify TE activity. For
example, Pt showed increased expression levels of a retrotransposon under nitrate starvation
which might have aided adaptation to the stress (Maumus et al., 2009). Thus, whole-genome
transcriptomics can provide first insights into epigenetic mechanisms, such as DNA methylation
and transposons, employed by the organism to adapt to novel environmental conditions.
Furthermore, whole genome resequencing can be implemented to search for novel transposition
events and their potential effects on affected genes.
Here, I report the first genome-wide expression study using RNA-Seq to elucidate the connection
between transcriptome and phenotype after low (9°C) and high (32°C) temperature selection over
300 generations in the marine diatom Thalassiosira pseudonana. Whole-genome resequencing of
a high temperature replicate provided further insight into the genetic basis of temperature
adaptation. To the best of my knowledge, this is the first experimental evolution study with a
diploid marine diatom implementing genomic approaches to elucidate molecular underpinnings
of temperature adaptation.
The availability of a genome sequence makes Tp a good candidate for genomic-enabled
experimental evolution studies. However, using a non-model organism can be problematic in
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terms of gene function due to the high number of unannotated genes compared to established
model systems. About 50% of Tp genes could be annotated (Armbrust et al., 2004) leaving half
of Tp genes with no known function. Additionally, a lot of the genes are not well characterized in
terms of their place in pathways or regulatory functions, hindering predictions about their
importance under novel conditions. Tp’s fast generation time and the ease of maintaining large
population sizes as well as the possibility to store a ”fossil” record (cryopreservation of ancestral
populations) make them well suited for the use in experimental evolution studies. Gene
expression pattern after 50 and 300 generations of temperature selection were compared to the
control and furthermore, analysed for their biological function. Evolved phenotypes from chapter
3 guided selection of potential relevant pathways for the evolution of thermal tolerance. For
example, biosynthesis of unsaturated fatty acids and their desaturation were selected based on the
recovery of the photosynthetic efficiency of low temperature replicates and that membrane
fluidity plays a key part in low temperature adaptation. Expression changes of the synthesis
pathway of photosynthesis relevant pigments (chlorophyll a and photoprotective pigments) were
investigated based on the changes in chlorophyll a content under both selection temperatures.
Variations in phosphate content of selections lines was argued to be underpinned by expression
changes of ribosomal genes, thus, the synthesis of ribsomes was selected. Additionally, we
examined the role of epigenetic processes in aiding the evolution of thermal tolerance through
expression of transposable elements and DNA-methyltransferases. One high temperature
selection replicate was selected for genome resequencing to gain preliminary insights into the
role of mutations for temperature adaptation.
The following hypothesis were tested with the above described approach:
• Phenotypic responses to selection temperatures in chapter 3 were underpinned by
transcriptomic responses.
– Low temperature adaptation is mediated by increases in the translation machinery.
– Adjustments to membrane fluidity aided low temperature adaptation of the
photosystem.
• Short-term and long-term responses of the cellular transcriptome differ.
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• Transposon activity aids temperature adaptation.
4.2 Material and Methods
4.2.1 Transcriptome analysis
4.2.2 RNA sampling and extraction
Three replicates of 100 mL each were sampled per biological replicate for RNA and DNA
extractions. Filtrations were done onto 25 mm diameter, polycarbonate filters (PC) (1.2 µm,
Whatman, ME, USA) under low pressure (<150 mbar Hg). Filters were quickly rinsed with 0.2
µm filtered artificial seawater, folded into half, snap frozen in liquid nitrogen and stored at -80°C
until extractions. Total RNA was extracted for all replicates of each temperature treatment using
the Direct-zolTM RNA MiniPrep (Zymo Research, Irvine, CA, USA) followed by an DNA digest
with DNAse I (Zymo Research, Irvine, CA, USA) for 1 hour at 37°C. Purity of RNA was
measured with a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). Furthermore,
integrity was checked with a 2% denaturating formaldehyde gel.
4.2.2.1 Library preparation and sequencing
To compare transcriptomes of the cultures under temperature selection, all 5 replicates were
sequenced at the start and after 50 and 300 generations of the experiment. Total RNA was sent to
The Genome Analysis Centre (TGAC, Norwich, UK) for library preparations and sequencing.
Sequencing libraries were prepared for each replicate using TrueSeq RNA kits (Illumina).
Libraries were reverse transcribed with random hexamers. 15 and 16 samples were multiplexed
and each sequenced on a single lane of an Illumina HiSeq 2000 platform (100 bp paired end
reads).
4.2.2.2 Sequence analysis
RNASeq analysis was carried out with support from Dr. Andrew Toseland (University of East
Anglia, School for Computational Science) and Dr. Jan Strauss (EMBL Hamburg, Germany).
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The work flow of the transcriptome analysis is shown in figure 4.2.1. The quality of raw reads
was checked with FastQC (v0.11.3) (Andrews, 2010) and quality trimming and sequencing
adapter trimming was performed with trimgalore (v.0.4.0) and Python package cutadapt (v.1.8.1)
with a minimum sequence return length of 50 bp. Trimmed sequences had an average length of
101 bp and were mapped to the Thalassiosira pseudonana reference genome (Joint Genome
Institute, http://genome.jgi-psf.org/Thaps3/Thaps3.download.ftp.html/
Thaps3_chromosomes_assembly_chromosomes.fasta.gz) using TopHat2
(v2.0.14) (Kim et al., 2013) in conjunction with Bowtie2 (v2.2.2) (Langmead and Salzberg,
2012), which allows splice junction sensitive mapping. Mapping was done using default settings
and allowing for a maximum of 2 mismatches. Only reads that mapped uniquely and
concordantly for both reads of a pair were retained. Mapped reads were sorted with samtools
(v1.2) by name for consecutive generation of read count tables. The Python package
HTSeq-count (v0.6.0) (Anders et al., 2014) was used to count unique reads mapping to genomic
features, guided by a annotation file from JGI
(http://genome.jgi-psf.org/Thaps3/Thaps3.download.ftp.html/
Thaps3_chromosomes_geneModels_FilteredModels2.gff), in mode ”union”.
Only reads that did not overlap/match to more than one genomic feature were counted. Read
pairs that match partly or completely to more than one feature were reported as ambiguous.
Figure 4.2.1: Work flow of bioinformatic analysis of transcriptome profiles.
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4.2.2.3 Differential gene expression analysis
Differential gene expression analysis was performed by feeding the HTSeq generated count
tables into a R script (courtesy of Dr. Jan Strauss) that utilizes the R Bioconductor package
edgeR (Robinson et al., 2009). Replicates were grouped according to their treatment and weakly
expressed genes were removed from the dataset. Counts were normalized according to the
”trimmed mean of M values” (TMM) in order to avoid biases towards highly abundant transcripts
(Robinson and Oshlack, 2010). EdgeR’s generalized linear model was used to identify
differentially expressed genes for each treatment group. Differentially expressed genes were then
filtered based on a two fold change and a adjusted p-value of <0.05. Each temperature treatment
was compared at 50 and 300 generations to T0 (baseline) and was reported as T0vsT1 and
T0vsTE.
4.2.2.4 Multidimensional scaling of transcriptomes
Transcriptomes of the selection and control lines were used for visualising differences in the gene
expression patterns between time points and selection temperature. RPKM (Reads Per Kilobase
Million) values were calculated based on the count table generated by HTSeq using the EdgeR
package in the R environment which normalizes read counts to library size and gene length
(Robinson et al., 2009). The generated RPKM values were log transformed and used for
multidimensional scaling to visualise differences in the gene expression pattern between
selection lines and time points. Distances between points are based on the Manhattan index
which calculates absolute differences between vectors. RPKM values take all expressed genes
into account while differential gene expression data is based on differences of expression. For
example, a gene that shows a high expression (high RPKM value) at one time point can have a
similar high expression at another time point and would therefore not be differentially expressed
as the relative difference between the time points would be close to 0.
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4.2.2.5 Gene ontology (GO) analysis of differentially expressed genes
Based on the differentially expressed genes, gene ontology analysis was performed with the R
Bioconductor package goseq (Young et al., 2010). GO analysis is used to identify enriched GO-
terms based on gene annotations and associated GO-terms. These GO-terms are grouped into three
domains:
• Cellular component
• Molecular function
• Biological process
GO-term analysis was corrected for gene length which was provided by Andrew Toseland from
the T. pseudonana filtered gene model annotation file. The gene length and differentially
expressed genes were given to goseq (Young et al., 2010) to test for enriched GO-terms.
GO-term analysis was performed for different sets using up-regulated and down-regulated genes
(GLM likelihood ratio test, p<0.05). Significantly overrepresented GO-terms (Wallenius
approximation, Benjamini-Hochberg adjusted p<0.05) were visualized in semantic
similarity-based scatterplots and treemaps with the web based tool ReVIGO
(http://revigo.irb.hr/, last accessed 27th of April 2016) (Supek et al., 2011).
4.2.2.6 Pathway analysis
Insights gained from the phenotypic responses reported in chapter 3 were used to select pathways
that were potentially involved in the evolution of thermal tolerance. The KEGG pathway database
(http://www.kegg.jp/kegg/pathway.html, last accessed 1st of June 2016) was
utilized to search for relevant genes involved in the selected Tp pathways. These genes were then
matched with their respective RPKM value and used for visualization as heatmaps with gene-e
(http://www.broadinstitute.org/cancer/software/GENE-E/index.html,
last accessed 1st of June 2016).
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4.2.3 Genome resequencing of high temperature replicate
To gain initial insights into potential adaptive genomic changes, one replicate of the evolved high
temperature selection lines was selected for genome resequencing together with the T0 sample.
Due to financial restrictions we were only able to sequence one replicate and the starting
population (T0).
4.2.3.1 DNA sampling and extraction
Three technical replicates of 100 mL each were sampled to extract DNA from a high temperature
selection replicate. Filtrations were done onto 25 mm diameter, polycarbonate filters (PC) (1.2 µm,
Whatman, ME, USA) under low pressure (<150 mbar Hg). Filters were quickly rinsed with 0.2
µm filtered artificial seawater, folded into half, snap frozen in liquid nitrogen and stored at -80°C
until extractions. Total DNA was extracted using the EasyDNA kit (Invitrogen, Carlsbad, CA,
USA) with some adjustments. Cells were washed off the filter with pre-heated (65°C) Solution
A and the supernatant was transferred into a new tube with one small spoon of glass beads (425-
600 µm, acid washed) (Sigma-Aldrich, St. Louis, MO, USA). The samples were then vortexed
three times in intervals of three seconds to break the cells. RNase A was added to the samples
and incubated for 30 min at 65°C. The supernatant was transferred into a new tube and Solution
B was added followed by a chloroform phase separation and an ethanol precipitation. DNA was
pelleted by centrifugation and washed several times with Isopropanol, air dried and suspended in
100 µL TE buffer. DNA concentration was measured with a Nanodrop (Thermo Fisher Scientific,
Waltham, MA, USA), tubes snap frozen in liquid nitrogen and stored at -80°C until sequencing.
Furthermore, DNA integrity was checked with agarose gel electrophoresis (0.9% agarose gel).
4.2.3.2 Library preparation and sequencing
High molecular weight DNA was sent to The Genome Analysis Centre (TGAC, Norwich, UK)
for library preparations and consecutive sequencing. Whole genome sequencing libraries were
prepared for each replicate using TrueSeq DNA kits (Illumina). The two samples were multiplexed
and sequenced on a single lane of a Illumina HiSeq 2000 platform (100 bp PE).
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4.2.3.3 Single nucleotide polymorphism (SNP) analysis of high temperature genotype
Identification of SNPs in the high temperature replicate after 300 generations in comparison to the
control (T0) was conducted by Andrew Toseland (School of Computational Sciences, UEA). For
this 82 and 87 million, 101 bp paired reads, for T0 and TE 32°C respectively, were quality screened
with fastQC (Andrews, 2010). Reads were then filtered by removing of duplicates and reads with
unidentified bases resulting N characters. Bases with a quality score below 30 were trimmed
from the 3’end and Illumina adapter sequences were trimmed from the 5’end using Prinseq-lite
(Schmieder and Edwards, 2011). Only reads with a length of at least 50 bp were retained. The
remaining reads were mapped to the reference genome with STAR and indexed with samtools.
The GATK (McKenna et al., 2010) best practise guidelines were performed consisting of local
realignments around indels and base recalibration based on an initial set of SNPs and indels. SNPs
were called using GATK’s HaplotypeCaller module (phred quality ≥ 30). SNP calling was based
on the consensus of three callers: GATK’s HaplotypeCaller; samtools and VarScan (Koboldt et al.,
2009). After initial calling, SNPs and indels were separated from the call files and filtered (min
quality 40) before being merged into a single SNP/indel file. We then selected the intersection of
each file with GATK’s SelectVariants module. SNPs only present in the temperature adapted data
set (combine the two sets then take the difference) were extracted and summarised with SNPeff
(Cingolani et al., 2012) using optimised gene models for Tp (Gruber et al., 2015). SNPs within
100 bases of a predicted gene were considered up/downstream of that gene. The results from
SNPeff were then used for further analysis by myself.
4.2.3.4 GO analysis of genes with SNPs
Genes with SNPs were used for GO-term analysis using the goseq package (Young et al., 2010)
in the R environment (?). Terms with a p-value<0.05 were used for visualization with REVIGO
(http://revigo.irb.hr/) (Supek et al., 2011). See section 4.2.2.5 for more details.
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4.3 Results
4.3.1 Transcriptome sequence analysis
Sequencing on the Illumina HiSeq 2000 platform produced 9.9 to 19 million paired-end
sequences (on average 13.9 million) except for one sample (T1 9C Tp1) which only produced
3093 reads and was excluded from further analysis due to poor quality reads (Table 4.3.2). Raw
reads were on average 101 bases long and of high quality (average base quality score of 37).
Quality control of raw reads, which included adapter trimming, returned on average 13.3 million
paired reads of which 85.8% could be uniquely aligned to the T. pseudonana reference genome.
Out of these 92.0% could be counted as unique genomic features (e.g. exons, introns and
intergenic regions) and were used for gene expression analysis. 17.8% on average, could not be
assigned to predicted genomic features, indicating novel transcriptional active genomic regions
(e.g. transcription factors, non-coding RNAs, novel splice variants). Interestingly, the amount of
reads mapping to predicted non-coding regions was lowest under control conditions and
increased under high and low temperature selection.
4.3.2 Differential gene expression of low and high temperature cultures
Transcriptome analysis of the control, high and low temperature experimental cultures showed a
total of 4558, 4031 and 4909 differentially expressed genes (out of 11242 genes in Tp genome),
respectively, compared to the starting culture. After 50 generations (T1) low temperature selection
lines showed 1844 and 2033 genes up- and down-regulated, respectively (Table 4.3.1, a). However,
the number of differentially expressed genes in the low temperature lines was significantly reduced
after more than 300 generations (TE). The total amount of up- and down-regulated genes for the
high temperature lines increased further after 50 generations (T1) in comparison to 300 generations
(TE) (Table 4.3.1, b).
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Table 4.3.2: Transcriptome read output for each sample (Sample ID) and the output through the analysis pipeline (before and after quality control, mapping
and counting of mapped reads).
Sample ID before quality control after quality control Mapping Read counting
read pairs avg length avg quality avg length avg quality paired reads concordant pairs counted pairs no feature ambiguous
T0 Tp 15206512 101 37 100 37 14609411 12198858 11499331 1960208 289413
T1 9C Tp1 3093 discarded due to poor quality
T1 9C Tp2 13592412 101 37 100 37 12991851 11393853 10764912 1582283 170503
T1 9C Tp3 17766818 101 37 100 37 17146957 15089322 14113416 2204831 182495
T1 9C Tp4 12268455 101 37 100 37 11661473 10250434 9660765 1421668 125708
T1 9C Tp5 13684702 101 37 100 37 12821050 11231239 10606158 1597268 142333
T1 22C Tp1 13061566 101 37 100 37 12565195 10592459 9923966 1590007 184130
T1 22C Tp2 15052101 101 37 100 37 14547269 12292442 11415966 1955494 218769
T1 22C Tp3 19348476 101 37 100 37 18054874 15003600 14339009 2176242 326919
T1 22C Tp4 19070931 101 37 100 37 18273711 15532654 14627940 2207104 271479
T1 22C Tp5 14887780 101 37 100 37 14012596 12036819 11184705 1781529 203750
T1 32C Tp1 16447497 101 37 100 37 15737955 13613331 12454815 2434041 181052
T1 32C Tp2 17493149 101 37 100 37 16478611 14188084 13380487 2230080 238679
T1 32C Tp3 14454783 101 37 100 37 13957167 12128778 11004779 2218161 153426
Continued on next page
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Sample ID before quality control after quality control Mapping Read counting
read pairs avg length avg quality avg lenght avg quality paired reads concordant pairs counted pairs no feature ambigous
T1 32C Tp4 10164252 101 37 100 37 9779340 8468908 7814213 1447099 116050
T1 32C Tp5 12858761 101 37 100 37 12337828 10684559 9786306 1900474 149286
TE 9C Tp1 15400646 101 37 100 37 14831216 12428559 11586117 2079202 237404
TE 9C Tp2 15813957 101 37 100 37 15335803 12928081 11782574 2385268 184541
TE 9C Tp3 13393010 101 37 100 37 12883859 10964164 10007251 1940778 170495
TE 9C Tp4 10063302 101 37 100 37 9697789 8233422 7545716 1451941 133284
TE 9C Tp5 9987215 101 37 100 37 9543308 8169071 7560643 1339898 124565
TE 22C Tp1 11978884 101 37 100 37 11386896 9473897 8857199 1494656 196398
TE 22C Tp2 13186392 101 37 100 37 12743815 10692060 9266895 1722228 193758
TE 22C Tp3 13464908 101 37 100 37 12993784 11135672 9918853 1777349 210558
TE 22C Tp4 12270789 101 37 100 37 11885617 10105324 9266895 1535547 213062
TE 22C Tp5 12705400 101 37 100 37 12268391 10379058 9516143 1616255 203129
TE 32C Tp1 11627419 101 37 100 37 10994712 9613981 8662191 1704812 126570
TE 32C Tp2 10473135 101 37 100 37 9972688 8711542 7941987 1451095 124940
TE 32C Tp3 13056467 101 37 100 37 12460804 10953515 9937441 1834520 153336
Continued on next page
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Continued from previous page
Sample ID before quality control after quality control Mapping Read counting
read pairs avg length avg quality avg lenght avg quality paired reads concordant pairs counted pairs no feature ambigous
TE 32C Tp4 11710638 101 37 100 37 11333925 9807222 8290498 2325837 129611
TE 32C Tp5 18678984 101 37 100 37 17681706 15446591 14037844 2639516 197424
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Table 4.3.1: Overall numbers of up- and down-regulated genes (BH adjusted p-value<0.05, >2-
fold increase) for each experimental setup and after 50 (T1) and 300 (TE) generations.
Multidimensional scaling of transcriptomes (RPKM values) for all replicates is shown in Figure
4.3.1. Replicate samples for each temperature treatment cluster well together as shown by the
distances between replicates. A clear difference was seen for low temperature time points where
the transcriptome after the first 50 generations (T1 9C 1-4 blue, T1 9C 5 light blue) was very
different from the Tend transcriptome (TE 9 1-4 dark blue, TE 9 5 blue) that was more related to
the start of the experiment (T0, green). High temperature transcriptomes (light and dark red) of
both sampling time points were very similar as evident by the clustering of all red dots.
Figure 4.3.1: Multidimensional scaling of temperature related transcriptomes based on log-
transformed RPKM values. Manhatten index was used for calculating distances between
timepoints and samples. Low temperature replicates are shown in light blue (T1) and dark blue
(Tend). High temperature replicates are shown in light (T1) and dark red (Tend). T0 is shown in
green.
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Differential gene expression (log2-fold change) between the low temperature selection lines
compared to the control, and at two time points (T0vsT1 and T0vsTE) was visualized with a
heatmap and hierarchical clustering of genes (Figure 4.3.2). Gene expression pattern showed
clear differences after 50 (T0vsT1) and 300 (T0vsTE) generations of low temperature selection.
Over the first 50 generations 3877 genes were differentially expressed while this was reduced by
two-thirds after 300 generations.
Figure 4.3.2: Transcriptome profile heatmap of low temperature selection lines after 50 (T1) and
300 (TE) generations in relation to the starting culture. Genes that were up-regulated are colour
coded from 0 to 6 log2-fold change with dark to light red while down-regulated genes are colour
coded from 0 to -6 log2-fold change with dark blue to light blue. Genes were clustered hierarchical.
In contrast, differential gene expression pattern (log2-fold change) of the high temperature
selection lines compared to the control, and at two time points (T0vsT1 and T0vsTE) was very
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similar (Figure 4.3.3).
Figure 4.3.3: Transcriptome profile heatmap of high temperature cultures after 50 (T1) and 300
(TE) generations in relation to the starting culture. Genes that were up-regulated are colour coded
from 0 to 6 log2-fold change with dark to light red while down-regulated genes are colour coded
from 0 to -6 log2-fold change with dark blue to light blue. Genes were clustered hierarchical.
4.3.2.1 GO analysis
Differentially expressed genes of low and high temperature selection cultures were functionally
analysed for significantly overrepresented gene ontology (GO) term annotations (log2 >1, BH
adjusted p <0.05). Lists of overrepresented GO-terms were visualised using semantic similarity
scatter plots (ReVIGO scatter plots) by which semantically related GO-terms were plotted closer
together. Furthermore, GO-terms are represented as bubbles and their sizes relates to the
frequency of the GO-term in the Gene Ontology Annotation database, which means that larger
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bubbles correspond to general or more frequent GO-terms than more specific GO-terms as
smaller bubbles.
Figure 4.3.4 shows GO-term annotations that were overrepresented in the set of up- (a) and
down-regulated (b) genes for the GO-term categories biological process of low temperature
cultures after 50 generations. Overrepresented GO-terms of biological functions in up-regulated
genes were porphyrin-containing compound biosynthetic process (GO:0006779),
phosphorylation (GO:0016310), RNA processing (GO:0006396) as well as nucleoside metabolic
process (GO:0009116). Low temperature selection had a profound impact on cellular metabolism
as represented by down-regulated GO-terms including carbon related meta- and catabolic
processes (chitin metabolic process (GO:0006030), chitin catabolic process (GO:0006032),
carbohydrate metabolic process (GO:0005975), cell wall macromolecule catabolic process
(GO:0016998), oxygen and reactive oxygen species metabolic process (GO:0006800)) as well as
response to other organism (GO:0051707), regulation of cell cycle (GO:0051726), proteolysis
(GO:0006508) and regulation of transcription, DNA-templated (GO:0006355).
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Figure 4.3.4: ReVIGO GO-term scatterplots for low temperature cultures after 50 generations of temperature selection for biological processes.
Overrepresented GO-terms (BH adjusted p-value <0.05) of up-regulated genes are shown on the left, down-regulated genes on the right.
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After 300 generations of low temperature selection overrepresented GO-terms of up-regulated
genes (Figure 4.3.5) were dominated by photobiological related GO-terms (cytochrome complex
assembly (GO:0017004), signal transduction (GO:0007165), photosystem II stabilization
(GO:0042549)) but also included mRNA metabolic process (GO:0016071), unsaturated fatty acid
biosynthesis process (GO:0006636) as well as nucleobase-containing compound metabolic
process (GO:0006139). Down-regulated enriched GO-terms involved a majority of protein cycle
processes (protein secretion (GO:0009306), protein metabolic process (GO:0019538), proteolysis
(GO:0006508) and regulation of transcription, DNA-templated (GO:0006355)). Furthermore,
cell-matrix adhesion (GO:0007160), thiamine biosynthetic process (GO:0009228), mismatch
repair (GO:0006298) and cell adhesion (GO:0007155) were also found to be down-regulated
GO-terms after 300 generations of high temperature selection (Figure 4.3.5).
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Figure 4.3.5: REVIGO GO-term scatterplots for low temperature cultures after 300 generations of temperature selection. Overrepresented GO-terms (BH
adjusted p-value <0.05) of up-regulated genes are shown on the left, down-regulated genes on the right.
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High temperature selection, over 300 generations, resulted in the overrepresentation of GO-terms
related to biosynthetic processes (Figure 4.3.6, a) which included biosynthetic process
(GO:0009058), phospholipid biosynthetic process (GO:0008654), phytochromobilin biosynthetic
process (GO:0010024). Furthermore, photosynthesis (GO:0015979) and one-carbon metabolic
process (GO:0006730) were identified as significantly upregulated GO-terms (Figure 4.3.6).
Downregulated enriched GO-terms were identified as translation (GO:0006412), response to
other organism (GO:0051707), regulation of cell cycle (GO:0051726), ER to Golgi
vesicle-mediated transport (GO:0006888), carbohydrate metabolic process (GO:0005975), chitin
metabolic process (GO:0006030), chitin catabolic process (GO:0006032), cell wall
macromolecule catabolic process (GO:0016998), mRNA processing (GO:0006397) as well as
mismatch repair (GO:0006298) and regulation of transcription, DNA-templated (GO:0006355).
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Figure 4.3.6: REVIGO GO-term scatterplots for high temperature cultures after 300 generations of temperature selection. Overrepresented GO-terms (BH
adjusted p-value <0.05) of up-regulated genes are shown on the left, down-regulated genes on the right.
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4.3.2.2 InterPro Domain analysis - Overrepresented domains
Differentially expressed genes of low and high temperature selection cultures were analysed for
significantly overrepresented InterPro domains (BH adjusted p<0.05).
Overrepresented InterPro annotations of down-regulated genes after 50 generations of low
temperature selection in comparison to control conditions (T0, 22°C) are shown in Table 6.4.1.
Highly overrepresented domains belonged to heat shock factors as well as chinases and chitin
binding domains. Additionally, a cyclin domain was significantly overrepresented in
down-regulated genes. The full list of overrepresented InterPro domains can be found in the
appendix (Table ).
Table 4.3.3: Overrepresented InterPro domains of down-regulated genes at T1 9°C. P-values were
adjusted after Benjamin-Hochberg with a cut-off of 0.05
InterPro ID
Overrepresented
p-value
InterPro description Domain description
IPR002341 8.03E-09 HSF⁄ETS, DNA-binding HSF ETS
IPR000232 1.13E-08
Heat shock factor (HSF)-type,
DNA-binding
sp HSF1 ARATH P41151
IPR011583 0.001 Chitinase II Glyco 18
IPR006671 0.015 Cyclin, N-terminal Cyclin N
Table 6.4.2 provides an overview of significantly overrepresented InterPro domains of
up-regulated genes after 50 generations of low temperature selection. The most significantly
overrepresented term was related to the twin-arginine translocation pathway. Additionally,
several terms related to translation were identified as overrepresented in up-regulated genes such
as elongation factor Tu (IPR004161), Phosphoribosyltransferase (IPR000836) and
Aminoacyl-tRNA synthetase (IPR002300). The full list of overrepresented InterPro domains can
be found in the appendix (Table ).
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Table 4.3.4: Overrepresented InterPro domains of up-regulated genes after 50 generations at 9°C.
P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID
Overrepresented
p-value
InterPro description Domain description
IPR006311 0.003
Twin-arginine translocation
pathway signal
TAT signal seq
IPR004161 0.008
Elongation factor Tu,
domain 2
GTP EFTU D2
IPR000836 0.014 Phosphoribosyltransferase Pribosyltran
IPR002300 0.014
Aminoacyl-tRNA synthetase,
class Ia
tRNA-synt 1
After 300 generations of low temperature selection, overrepresented InterPro domains of
down-regulated genes showed similarities with domains after 50 generations (Table 6.4.3).
Several heat shock factors (IPR000232, IPR002341) and proteins (IPR002068, IPR001023) as
well as a chaparone (IPR002939) were identified as overrepresented in down-regulated genes.
Additionally, a domain related to the MutS2 homologue (Smr protein⁄MutS2 C-terminal,
IPR002625) of the mismatch repair pathway was included in overrepresented down-regulated
genes. The full list of overrepresented InterPro domains can be found in the appendix (Table ).
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Table 4.3.5: Overrepresented InterPro domains of down-regulated genes at TE 9°C. P-values were
adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID
Overrepresented
p-value
InterPro description Domain description
IPR000232 2.93E-06
Heat shock factor
(HSF)-type, DNA-binding
sp HSF1 ARATH P41151
IPR002341 2.93E-06
HSF⁄ETS,
DNA-binding
HSF ETS
IPR002068 8.88E-05
Heat shock protein
Hsp20
HSP20
IPR001023 0.040
Heat shock protein
Hsp70
sp DNAK ODOSI P49463
IPR002939 0.032
Chaperone DnaJ,
C-terminal
DnaJ C
IPR002625 0.004
Smr protein⁄
MutS2 C-terminal
Smr
Cultures selected at 9°C for 300 generations showed highly significant overrepresented fatty acid
desaturases (IPR005804, IPR010257). Additional overrepresented InterPro IDs corresponded to
photosystem related proteins (Cytochrome b5, Photosystem II 12 kDa extrinsic and Cytochrome
c biogenesis protein) and light sensing (Phytochrome). The full list of overrepresented InterPro
domains can be found in the appendix (Table ).
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Table 4.3.6: Overrepresented InterPro domains of up-regulated genes at TE 9°C. P-values were
adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID
Overrepresented
p-value
InterPro description Domain description
IPR005804 3.35E-04 Fatty acid desaturase FA desaturase
IPR010257 7.32E-04
Fatty acid desaturase
subdomain
sp Q84KI8
PHATR Q84KI8
IPR001199 0.012 Cytochrome b5 Cyt-b5
IPR010527 0.039
Photosystem II 12 kDa
extrinsic
PsbU
IPR003834 0.041
Cytochrome c biogenesis
protein, transmembrane region
DsbD
4.3.2.3 Pathway analysis
Genes for biosynthesis of saturated fatty acids showed increased expression under low
temperature conditions after 50 generations and under high temperature conditions at both 50 and
300 generations in comparison to T0 (22°C) (Figure 4.3.7). The activation of malonyl CoA for
reaction with acetyl-ACP by Malonyl CoA:ACP transacylase (MCT1, 5219) showed increased
expression under T1 9°C replicates 1-4 and 5 as well as TE 9°C replicate 5 and TE 32°C. The
produced malonyl-ACP is then used to extend the fatty acid chain by priming with acetyl-ACP
via beta-ketoacyl-ACP synthase (KAS2, 262879). This step showed highest expression at both
time points for 32°C cultures. Once a 16:0 fatty acid (Hexadecanoic acid) is formed, several
long-chain-fatty-acid CoA ligases facilitate the reaction to hexadecanoyl CoA which can then be
used in the glycerolipid and glycersophospholipid metabolism, or for fatty acid elongation. This
final step of fatty acid synthesis showed high expression at 9°C replicates 1-4 and 5 (ACS1,
13156) at both time points, as well as 32°C (ACS1 13156; ACS2 1, 29867; FCL1, 263105) at
both time points in comparison to the control (T0).
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Figure 4.3.7: Expression of genes related to fatty acid biosynthesis in Tp during temperature
selection. Heatmap is scaled to RPKM values and color coded by row minimum (blue) and
maximum (red).
Desaturation of fatty acids is facilitated by desaturases. Expression of genes related to this pathway
is shown in Figure 4.3.7. Two delta-9 desaturases (1527, 22511) showed high RPKM values under
both high temperature (32°C) time points. Additionally, long chain fatty acid modifiers (reductase,
dehydrogenase and thiolase) showed expression under low (33911, 22650) and high temperature
(22650) conditions. Beta-oxidation of fatty acids facilitated by a 3-ketoacyl-CoA thiolase (KCT2,
36742), acyl-CoA oxidase (AOX1 1, 263878) and enoyl-CoA hydratase (26365) showed high
RPKM values under low and high temperature conditions for each time point in comparison to
T0.
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Figure 4.3.8: Heatmap of expressed genes involved in desaturation fatty acids. Heatmap is scaled
to RPKM values and color coded by row minimum (blue) and maximum (red).
Genes involved in carotenoid synthesis in Tp were taken from Coesel (2008) and their expression
in terms of RPKM values is shown in Figure 4.3.9. Seven out of eight identified genes showed
high RPKM values after 50 generations of low temperature selection in replicates 1-4 and 5 in
comparison to the control (T0). After 300 generations at 9°C RPKM values were reduced. High
temperature cultures showed high expression of genes involved in the synthesis of xanthophylls
(zeaxanthin, antheraxanthin and violaxanthin). Beta-carotene hydroxylase (BCH, 263437)
introduces hydroxyl groups into beta-carotene forming zeaxanthin and showed highest
expression under both high temperature time points. Further epoxidation (ZEP1, 269147; ZEP2,
261390) of zeaxanthin into antheraxanthin into violaxanthin showed moderate expression under
high temperature in comparison to the control (T0).
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Figure 4.3.9: Heatmap of expressed genes part of the carotenoid synthesis pathway. Heatmap is
scaled to RPKM values and color coded by row minimum (blue) and maximum (red).
Expression of genes involved in the porphyrin and chlorophyll metabolism are presented in Figure
4.3.10. Most identified genes showed highest expression under low temperature conditions within
in the first 50 generations (T1 9C 1-4 and 5) and moderate expression after 300 generations (TE
9C 1-4 and 5). High temperature cultures showed increased expression after 300 generations (TE
32C). Chlorophyll(ide) b reductase (8063) is one of the last steps in chlorophyll a synthesis and
showed high expression after 50 generations of low temperature selection and moderate expression
after 300 generations of high temperature selection.
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Figure 4.3.10: Heatmap of expressed genes part of porphyrin and chlorophyll metabolism.
Heatmap is scaled to RPKM values and color coded by row minimum (blue) and maximum (red).
Figure 4.3.11 shows the expression of ribosomal protein genes in terms of RPKM values for
control cultures (T0), low temperature conditions (9°C) and high temperature conditions (32°C).
Almost all ribosomal protein genes showed high expression within the first 50 generations (T1 9C
1-4 and 5) and moderate expression after 300 generations (TE 9C 1-4 and 5) under low temperature
selection. In contrast, high temperature cultures showed minimal expression of ribosomal protein
genes at both time points (T1 32C and TE 32C).
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Figure 4.3.11: Heatmap of expressed ribosomal genes. Heatmap is scaled to RPKM values and
color coded by row minimum (blue) and maximum (red).
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Genes coding for proteins and enzymes involved in the mismatch repair showed high expression
under low temperature conditions within the first 50 generations (Figure 4.3.12) based on RPKM
values. After 300 generations, expression seemed to be reduced except for two mismatch repair
proteins (MLH1, 263509 and PMS2, 264783). High temperature cultures showed only high
expression of the mismatch repair protein PMS2 (264783) after 50 (T1 32C) and 300 (TE 32C)
generations.
Figure 4.3.12: Heatmap of expressed genes part of the mismatch repair pathway. Heatmap is
scaled to RPKM values and color coded by row minimum (blue) and maximum (red).
4.3.2.4 Transposable elements (TEs)
To investigate potential genetic changes that might have occurred under temperature selection,
the activity of known transposable elements in Thalassiosira pseudonana was investigated.
Furthermore, expression of enzymes relating to DNA-(de-)methyltransferases was examined.
To date a total of 77 TEs have been identified in the Tp genome (Maumus et al., 2009), out of
which six were expressed in the first 50 generations of low temperature selection and five after
300 generations (Table ??). The identified TEs active under low temperature selection, belonged
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to Copia LTR retrotransposons and one to LINE transposons. Temperature specific regulation of
several TEs was found (bold entries) and only differentially expressed under low temperature
selection.
Table 4.3.7: Differentially expressed TEs (BH adjusted p-value <0.05, log2-fold change) in low,
high and control selection lines. Bold entries were temperature specific.
Transposon Protein ID
9°C
T1
9°C
Tend
32°C
T1
32°C
Tend
control
T1
control
Tend
LTR RT (Copia) 7301 -4.61 -4.61 -3.35 0 0 0
LTR RT (Copia) 8235 2.25 3.52 -3.40 -3.29 0 0
LTR RT (Copia) 10585 1.67 0 3.35 3.16 0 0
LTR RT (Copia) 11724 0 0 6.05 0 0 0
LINE (Ambal) 11865 0 0 4.95 4.77 0 0
LTR RT (Copia) 12122 0 2.39 0 0 0 0
LTR RT (Copia) 12209 -5.66 -5.20 0 0 2.11 0
LINE (Ambal) 25567 -2.87 0 0 0 0 0
LTR RT (Copia) 25771 1.40 2.49 0 0 0 0
LTR RT (Gypsy) 263201 0 0 10.92 12.09 0 0
LTR RT (Copia) 263838 0 0 5.12 0 0 0
LTR RT (Copia) 264303 0 0 5.43 6.72 0 0
Six DNA specific (de-)methyltransferases are annotated in the Tp genome, out of which five were
differentially expressed in the selection cultures (Table 4.3.8). However, they did not show a
temperature specific expression pattern.
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Table 4.3.8: Differentially expressed DNA-specific methyltransferases (BH adjusted p-value
<0.05, log2-fold change) in low, high and control temperature selection lines and at two time
points (T1, 50 generations and Tend, 300 generations).
Methyltransferase Protein ID
9°C
T1
9°C
Tend
32°C
T1
32°C
Tend
control
T1
control
Tend
cytosine specific
DNA methyltransferases
2049 -3.24 0 -1.75 -2.02 -1.60 -1.02
cytosine specific
DNA methyltransferases
11011 0 0 0 0 0 -1.34
DNA methyltransferases 21517 0 0 -1.15 -1.43 0 0
cytosine specific
DNA methyltransferases
22139 1.69 0 0 0 0 0
adenine specific
DNA methyltransferases
34058 0 0 0 0 -1.02 0
cytosine specific
DNA methyltransferases
269660 0 0 0 0 0 -1.04
4.3.2.5 Genome resequencing - SNP analysis of high temperature replicate
SNP analysis revealed a total of 6,374 mutations over the whole genome (Table 4.3.9) after 300
generations of high temperature selection. This calculates to a mutation rate of 7.98 x 10−7 bp
generation−1. Notably, chromosome 14 showed the highest number of mutations (1,690 or 1
every 590 bp) followed by chromosome 18 with 837 mutations (1 every 988 bp). 66% of genes
on chromosome 14 showed mutations with on average 5.2 SNPs per gene. Additionally, of the top
229 genes with more than 4 mutations, 39.7% belonged to chromosome 14. In contrast, genes on
chromosome 18 had on average 10.6 mutations with the top genes making up 11.4% of genes with
more than 4 mutations.
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Table 4.3.9: Summary of variants generated by SNPs per chromosome and variant rate (SNP per
base).
Chromosome Length (bp) Variants Variants rate (SNP per base)
1 3,042,585 237 12,837
2 2,707,195 130 20,824
3 2,440,052 182 13,406
4 2,402,323 223 10,772
5 2,305,972 386 5,974
6 2,071,480 202 10,254
7 1,992,434 157 12,690
8 1,267,198 314 4,035
9 1,191,060 94 12,670
10 1,105,668 176 6,282
11a 806,142 91 8,858
11b 82,843 42 1,972
12 1,128,382 198 5,698
13 1,052,196 148 7,109
14 998,643 1,690 590
15 931,268 152 6,126
16a 459,776 142 3,237
16b 169,376 32 5,293
17 659,924 98 6,733
18 827,053 837 988
19a 19 607,239 84 7,229
19b 31 151,677 42 3,611
19c 29 291,194 338 861
20 800,234 83 9,641
22 1,057,565 91 11,621
23 454,954 73 6,232
24 297,349 132 2,252
Total 31,301,782 6,374 4,910
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SPNs were grouped by region and are summarized in Figure ??. Interestingly, intergenic and
exons showed similar amounts of SNPs (40.68% and 35.68% respectively). In contrast, up- and
downstream, 5’UTR and 3’UTR, as well as introns and splice variants received between 0.09%
and 5% of SNPs.
Figure 4.3.13: Percentage of SNPs per genomic region.
SNPs occurring in exons resulted in different effects (Table 4.3.10). 1,534 (58.31%) mutations
caused missense amino acids (AA) while 47 (1.79%) caused a new stop codon. In contrast 1,050
(39.91%) caused no changes in AAs (silent mutation).
Table 4.3.10: Overall occurrence of missense, nonsense and silent SNPs.
Type Count Percent
MISSENSE 1,534 58.31%
NONSENSE 47 1.79%
SILENT 1,050 39.91%
GO analysis of genes with SNPs The identified genes with SNPs were used for GO-term
analysis related to biological processes and are shown in Figure 4.3.14. Most significant
GO-terms related to nucleosome assembly and included chromosome organization, regulation of
transcription and transcription initiation. Additionally, genes related to the cell cycle and
intracellular protein transport were overrepresented.
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Figure 4.3.14: Treemap of overrepresented (BH adjusted p-value<0.05) GO-terms for all genes
with SNPs.
Genes with mutations on chromosome 14 and 18 were further used for GO-term analysis of
biological processes. Chromosome 18 showed one overrepresented GO-term related to
translational termination (GO:00006415). Most significant GO-terms of genes on chromosome
14 related to chromosome organization and DNA replication initiation (Figure 4.3.15).
Figure 4.3.15: Treemap of overrepresented (BH adjusted p-value<0.05) GO-terms for all genes
with SNPs.
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Amino acid (AA) changes A total of 1,582 AA changes were caused by missense mutations.
Out of the 20 known AA, Arginine, Serine and Valine were changed most often (121, 149 and
108 times, respectively). Furthermore, AA were most often changed into Arginine, Serine and
Threonine (147, 149 and 125 times, respectively). Amino acid changes caused 109 charge changes
from negative to positive or neutral and 182 times from positive to negative or neutral.
Figure 4.3.16: Amino acid changes in the high temperature replicate caused by the identified
SNPs. Changes are colour coded, with grey representing synonymous changes, colours of green
show missense changes. Amino acid code: G - Glycine (Gly), P - Proline (Pro), A - Alanine (Ala),
V - Valine (Val), L - Leucine (Leu), I - Isoleucine (Ile), M - Methionine (Met), C - Cysteine (Cys),
F - Phenylalanine (Phe), Y - Tyrosine (Tyr), W - Tryptophan (Trp), H - Histidine (His), K - Lysine
(Lys), R - Arginine (Arg), Q - Glutamine (Gln), N - Asparagine (Asn), E - Glutamic Acid (Glu),
D - Aspartic Acid (Asp), S - Serine (Ser), T - Threonine (Thr), ∗ - Stop codon, ? - unknown
4.4 Discussion
In order to identify genetic processes that enable evolution of thermal tolerance in phytoplankton,
we analysed the transcriptome of Thalassiosira pseudonana (Tp) after 50 and 300 generations of
high and low temperature selection. On average 13.9 million paired reads were generated per
sample of which 85.8% mapped to the reference genome and were further used for gene
expression analysis. This is a somewhat higher percentage than has been found previously (75%,
uniquely mapping and no mismatches) (Dyhrman et al., 2012) and is potentially due to more
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relaxed mapping settings in this study (uniquely mapping and allowing for 2 mismatches).
Sequenced reads may not map because of single nucleotide polymorphisms (biological or
introduced by sequencing error), because of incorrectly assigned intron/exon boundaries or reads
mapping to UTRs that were not included in the predicted gene models. About 17% of expressed
genes could not be assigned to genomic features and these unassigned features increased under
both temperature selections. This suggest, since the unassigned features were induced by
temperature, that there are aspects of thermal adaptation yet to be resolved in this diatom.
Patterns of differentially expressed genes varied between the temperature treatments. Tp showed
a short-term response in the first 50 generations of temperature selection indicated by 3877 and
2033 differentially expressed genes (log2-fold change, BH adjusted p<0.05), under low and high
temperatures respectively. Interestingly, the number of differentially expressed genes decreased
by about 75% in the low temperature cultures while it slightly increased for the high temperature
cultures. This might suggest in case of the low temperature cultures, they have overcome the
acute stress phase and adapted to the low temperature condition. This is further supported by the
multidimensional scaling of the transcriptomes (Figure 4.3.1) where the low temperature
transcriptome at the end of the experiment (300 generations) is more similar to the control than
the transcriptome after 50 generations. A similar response has been shown for Escherichia coli
(E. coli) adapting to high temperature.
Acute environmental stress like temperature changes greatly affect diatom physiology and
usually involves a general stress response which includes protection of cellular macromolecules,
redistribution of metabolic resources towards stress responses and in the case of severe stress the
reversible arrest of the cell cycle and ultimately programmed cell death through apoptosis (Logan
and Buckley, 2015). Temperature treatment of Tp showed metabolic stress as GO-term analysis
revealed the down-regulation of cell cycle regulatory genes and of transcription (DNA-templated)
in both high (Figure 4.3.6) and low temperature (Figure 4.3.4) conditions. This is further
supported by overrepresentation of cyclins in down-regulated genes after 50 generations of low
temperature selection (Table 6.4.1) and 300 generations of high temperature selection (Table
6.4.5). Cyclins control the progression of the cell cycle by activating cyclin-dependent kinases
(Galderisi et al., 2003). Their down-regulation has been linked to cell cycle arrest in heat stressed
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Arabidopsis (Kitsios and Doonan, 2011). Thus, their down-regulation might arrest or slow Tp’s
cell cycle as a response to temperature stress. This might be related to resource redistribution to
processes related to temperature adaptation. However, it has to be noted, that down-regulation of
genes corresponds even less well to protein abundance in comparison to the correlation between
up-regulated gene and protein abundance (Ve´lez-Bermu´dez and Schmidt, 2014).
After 300 generations of low temperature selection, GO-term analysis revealed cellular
adaptation to the new condition. Processes related to photosynthesis stabilization were
up-regulated which might have been linked to the high light effect of the light conditions under
lower temperature (see Chapter 3). This effect has also been shown in Chapter 3, (Figure ??)
where chlorophyll a content was significantly reduced in low temperature cells. Additionally,
genes involved in the production of carotenoids showed high expression after 50 generations of
low temperature selection (Figure 4.3.9). As discussed in chapter 3, carotenoids act as
photoprotective pigments as they can block excess light (?) and their conversion into quenching
pigments can result in reduced energy absorption by chl a as they are unable to transfer their
energy towards chl a (Horton et al., 1999; Niyogi et al., 2005). Thus the up-regulation of
carotenoid synthesis might benefit adaptation under low temperature conditions, but it remains
speculative as we did not measure other pigments than chl a.
Additionally, functions of up-regulated genes were annotated as the synthesis of unsaturated fatty
acids and desaturation of fatty acids, a general mechanism, in Tp and other organisms, of
adapting to low temperature (White and Somero, 1982; Thompson et al., 1992b). Fatty acids are
an important component of membranes and relate to membrane fluidity. A decrease in
temperature hardens fatty acids, however, desaturation can increase membrane fluidity. Thus, an
increased expression of genes involved in the synthesis of unsaturated fatty acids and
desaturation might increase membrane fluidity. Membrane fluidity is especially important for
thylakoid membranes in autotrophs as decreased fluidity could cause reduction in photosynthetic
efficiency (see chapter 3 for more details). Thus, increasing unsaturated fatty acids in thylakoid
membranes might allow recovery of the photosynthetic efficiency (Falcone et al., 2004), as seen
in chapter 3 (Figure Fv/Fm) and provides a link between phenotype and gene expression.
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High temperature selection cultures seemed to experience chronic thermal stress as their
differential gene expression was very similar after 50 and 300 generations. Interestingly, a
relatively low number of genes was differentially expressed which was in contrast to other
studies. For example, high temperature treatment of E.coli (Riehle et al., 2003) and F. cylindrus
(Strauss et al., unpublished data) resulted in 50% of genes differentially expressed, while for Tp
only 25% genes were differentially expressed. The values for E. coli and F. cylindrus were gained
after short-term temperature treatment and therefore might not reflect adaptive responses which
could underline the differential expression in this study. Additionally, 50 generations after the
initial temperature shock might be too long to find a heat shock related response as this is a rather
short-term process. This is supported by findings by Ying et al. (2015) where the transcriptomes
of high temperature evolved E. coli showed significant differences to short-term heat shock
transcriptomes.
Additionally, a study by Sorensen (2007) on Drosophila temperature adaptation suggested that a
heat shock response might not play a major role in evolutionary temperature adaptation,
proposing separate mechanisms for dealing with short- and long-term thermal stress.
Furthermore, the ecological temperature niche is likely to have an impact on temperature related
stress responses. However, a 32°selection temperature should have posed a high enough selection
pressure, as this corresponds to the highest seasonal temperature Tp experiences in Chesapeake
Bay (Edgewater, MD, USA), where it regularly forms dense blooms (Sobrino and Neale, 2007;
Marshall et al., 2005). A study on sea grass comparing a northern and southern European habitat
showed that HSP induction was absent but other stress related genes showed expression
(Franssen et al., 2014).
Interestingly, down-regulated genes involved in the mismatch repair were significantly
overrepresented under both selection temperatures. In E. coli it has been shown that mismatch
repair was down-regulated under nutrient limited conditions leading to a mutator phenotype. This
resulted in a rapid diversification of E. coli populations (Harris et al., 1997; Saint-Ruf and Matic,
2006). Thus, down-regulation of mismatch repair mechanisms might suggest a molecular
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mechanism to produce genetic variation, by introducing single nucleotide polymorphisms
(SNPs), on which selection can act (Saint-Ruf and Matic, 2006).
Another mechanism to generate potentially adaptive genotypes is the expression of transposable
elements (TEs). TE are known to respond to environmental stimuli and have been shown to
respond to nitrate starvation in Phaeodactylum tricornutum (Maumus et al., 2011). Additionally,
a ”cut and paste” transposon has been identified to cause genetic fixation of a B12-dependent
phenotype in C. reinhardtii by causing a insertion that resulted in a premature stop codon
(Helliwell et al., 2015). Thus, TEs can, relatively quickly, cause genetic variation but also
regulate gene expression depending on where they are inserted. All but two of the TEs identified
here belong to the class of long-terminal-repeat retrotransposons (LTR RT) which are spread in a
”copy and paste” manner via an RNA intermediate and have all necessary genes for transposition
on board. Interestingly, six of the differentially expressed TEs seemed to be temperature
responsive and specific. One TE in Arabidopsis has been shown to include promotors, related to
heat shock transcription factors, which enhances the transcription of neighbouring genes under
temperature stress (Cavrak et al., 2014). Thus, TEs could play an important role in regulating
stress-sensitive responses in diatoms. The highly up-regulated (log2 10.92) TE in the high
temperature treatment might suggest a similar activation mechanism. However, to induce
transposition of a transposon, high amounts of GAG protein compared to LTR TE DNA is
required, 1400:1 in tobacco (Takeda et al., 2001), which might have been achieved by this high
differential expression. Further analysis would be needed to identify transposition events in the
selection lines and their impact on neighbouring genes.
Genome resequencing, after 300 generations, of one high temperature replicate identified over
6,000 single nucleotide polymorphisms. This resulted in a 10-100x higher mutation rate (10−7)
in comparison to C. reinhardtii (Perrineau et al., 2014) and E. coli (Blount et al., 2008), and
might be linked to the down-regulation of mismatch repair mechanisms (Harris et al., 1997).
Additionally, mutation occurrence showed a bias towards chromosome 14. This is in contrast to
C. reinhardtii where no such mutation heterogeneity across chromosomes was found (Ness et al.,
2015). It is currently unclear whether these mutations were neutral or provided a fitness
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advantage.
Out of the 6,000 identified mutations, 1,582 caused amino acid substitutions potentially altering
protein stability and structural flexibility (Somero, 2004). Especially the substitution of serine
with alanine/threonine or lysine/glycine with arginine has been shown to increase the thermal
stability of proteins (Vogt et al., 1997; Nishio et al., 2003). For example, a single amino acid
change, for example, from a threonine to an alanine was beneficial for protein binding under
increased temperature in Pacific damselfishes (Johns and Somero, 2004).
Several of the mentioned substitutions occurred in the high temperature replicate, however, we
currently have no information about where in the protein the changes occurred and could only
speculate about the impact on the final protein and the adaptive benefit. Further analysis of the
impact of the identified AA changes would be needed to pinpoint adaptive modifications of
proteins in Tp.
4.5 Summary and conclusion
The genome-wide RNA-Seq analysis of low and high temperature transcriptomes provided first
insights into the molecular underpinnings of the evolution of thermal tolerance in Thalassiosira
pseudonana. Low temperature cultures showed an overrepresentation of fatty acid desaturase
genes suggesting homeoviscous adaptation of membranes. Temperature specific expression of
TEs suggests a potential thermal stress induced mechanism to produce differences in gene
regulation. Furthermore, down-regulation of mismatch repair mechanisms suggests means of
generating genetic variation on which selection can act. Whole genome resequencing of one high
temperature replicate showed increased accumulation of mutation on chromosome 14 potentially
affecting DNA transcription regulation and chromosome organization. These findings provided
first insights into transcriptional and genomic processes enabling thermal adaptation for a marine
diatom.

Chapter 5
General discussion
5.1 Summary of main results
Diatom ecology in the Atlantic Ocean Diatom diversity (based on alpha diversity) along a
longitudinal (Fram Strait) and latitudinal (Atlantic Ocean) transect was shown to be mostly
governed by temperature. Temperature had a negative effect on diatom diversity in the Fram
Strait transect with stations showing low diversity at higher temperatures. In contrast, diatom
diversity in the Atlantic Ocean was negatively correlated to temperature with high temperature
showing low diatom diversity. The most wide-spread and abundant diatom order were the
Coscinodiscales which were present at almost all stations.
Phenotypic responses to temperature selection Low and high temperature conditions
resulted in the selection of adaptive phenotypes. Cultures under low temperature selection
showed reduced growth under ancestral conditions. Fv/Fm increased continuously for low
temperature replicates while high temperature cultures showed no recovery. Additionally, four
out of five low temperature replicates increased their cell volume over the course of the
experiment. One replicate reduced its cell volume following the initial increase. Furthermore, the
elemental composition (C:N, C:bSi, C:chla) of low temperature cultures was significantly
different to control cultures.
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Genetic responses to temperature selection Tp’s transcriptome responded differently to low
and high temperature selection. High temperature transcriptomes were very similar after 50 and
300 generations of selection. In contrast, low temperature transcriptomes after 50 generations
showed a high number of differential expressed genes and a reduction by 75% after 300
generations. Additionally, we found no significant difference between the transcriptomes of the
two different low temperature phenotypes. Genome resequencing of one high temperature
replicate after 300 generations of selection showed over 6000 mutations with about a fourth
located on chromosome 14.
5.2 Discussion
Diatoms are one of the most successful groups of phytoplankton and produce about 50% of the
annual primary production (Nelson et al., 1995). With ongoing climate change they experience
multiple, simultaneous changes (CO2 concentration, temperature, stratification, light availability,
nutrient availability), in their environment (Boyd et al., 2015a) with temperature having the
strongest effect on diatoms (Boyd et al., 2013; Tatters et al., 2013a; Schlu¨ter et al., 2014).
However, little is know about phenotypic outcomes and the molecular basis of temperature
adaptation in diatoms.
Tp’s adaptation to the implemented temperature conditions might have been accomplished by
different means. Combining the transcriptome responses (chapter 4) and the phenotypic
outcomes (chapter 3), it seems that low temperature and high temperature selection lines have
adapted genetically.
The transcriptomic response of low temperature lines showed a decrease in differentially
expressed genes after 300 generations in comparison to 50 generations. High numbers of
differentially expressed genes in the first generations under novel temperature conditions have
been reported for a variety of other species (e.g. E. coli) (Riehle et al., 2003; Ying et al., 2015)
and F. cylindrus (Strauss, 2012) but has been shown to revert towards a baseline with adaptation
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(Ying et al., 2015; Riehle et al., 2003; Fong et al., 2005). This potential reversion was observed
for low temperature Tp lines but not for high temperature lines. Low temperature impacts most
physiological processes of a cell by slowing reactions, such as translation, and decreasing
membrane viscosity. Decreased translation efficiency can be compensated by increased
expression of ribosomes (Conrad et al., 2011). Increased expression of ribosomal protein genes
was found for the first 50 generations of low temperature selection and slightly reduced after 300
generations (Figure 4.3.11). Thus, as ribosomes consist of P-rich RNAs, the cellular N:P ratio
decreases as shown in chapter 3. The decreased expression of ribosomal genes after 300
generations might explain the modest change in the N:P ratio. This potentially underlines the link
of ribosome content and cellular P quotas (Loladze and Elser, 2011).
Protein synthesis is resource expensive (Conrad et al., 2011), therefore, increased translation
might not be feasible in the long term and would result in different transcriptomic states (Figure
4.3.1). Functional changes of proteins, beneficial under low temperature, might be more cost
effective. This could be achieved by introduction of non-synonymous mutations causing, for
example, amino acid charge changes resulting in conformation changes of the final protein.
Additionally, transposition of transposable elements can disrupt or alter protein function.
Functional changes of enzymes and proteins could result in poorer phenotypes under ancestral
conditions and has for example been suggested in E. coli (Kishimoto et al., 2010), yeast (Caspeta
et al., 2014) and E. huxleyi (?). The reduced fitness under ancestral conditions, as shown in
chapter 3, for low temperature lines supports the hypothesis of mutation driven adaptation.
However, this argumentation is purely speculative as we currently cannot pinpoint the genetic
changes facilitating an evolutionary response of low temperature lines.
High temperature lines showed genetic adaptation based on the reciprocal transplant assay
(Figure 3.3.5, additionally, their transcriptomic similarity after 50 and 300 generations might
suggest genetic adaptation within the first 50 generations (Figure 4.3.1). High temperature has
been shown to increase occurrence of oxygen radicals which can cause genetic mutations (Allen
et al., 2006). This is one means by which organisms can increase their genotypic diversity.
Additionally, down-regulation of mismatch repair mechanisms has been linked to the generation
of mutator phenotypes (Conrad et al., 2011; Kishimoto et al., 2010). Indeed, the mutation rate
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(10−7) was high, compared to E. coli (10−9-10−13) (Blount et al., 2008), however, similar rates
have been observed for C. reinhardtii (10−8) under salinity selection (Perrineau et al., 2014).
Additionally, mutations were mostly found in genes related to chromosome organization and
regulation of transcription and translation (Figure 4.3.14). This is in agreement with other studies
reporting mutations in genes related to cell replication, transcription and cell cycle providing
adaptive thermal tolerance (Caspeta et al., 2014; Knies et al., 2006; Chang et al., 2013).
Furthermore, novel transcriptome states have been reported for E. coli after high temperature
selection suggesting temperature dependent reorganization of global gene expression patterns
(Ying et al., 2015; Kishimoto et al., 2010). Ying et al. (2015) argue that temperature adaptation
in E. coli was mediated through a novel steady state of the cellular transcriptome. This would
imply that thermal adaptation required continuous optimization of cellular gene expression.
Thus, transcriptomes measured at different timepoints should show distinct clusters. This was not
the case for the high temperature transcriptomes (Figure 4.3.1) which might also suggest
adaptation within the first 50 generations. It is, however, currently unclear if the transcriptomic
changes correlate with genotype changes.
5.2.1 Broader impact of results
Several modelling and field studies have predicted and shown that marine species are shifting
northwards due to ocean warming (Barton et al., 2016; Marinov et al., 2013; Steinacher et al.,
2010; Walther et al., 2002). This might cause changes to phytoplankton communities and
biogeochemical cycles.
Chust et al. (2013) have shown that environmental conditions were more important for diatom
diversity than geographical distance. This is in agreement with the findings in this thesis were
environmental conditions, specifically temperature, had a significant impact on diatom diversity.
As the oceans are warming, this might lead to a turn over of diatom communities as has been
suggested by several modelling studies that found a northwards distribution shift of
phytoplankton, e.g. diatom, communities (Barton et al., 2016; Marinov et al., 2013; Steinacher
et al., 2010). As temperature has been identified as the most important driver of diatom
abundance and diversity it can be expected that diatom species potentially track their optimum
temperature, invading communities further north. This is likely to increase species richness but
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also competition in the temperate regions of the North Atlantic (Barton et al., 2016). Temporal
studies have shown, for example, that diatom communities are increasing in the North Atlantic,
outcompeting dinoflagellates (Hinder et al., 2012; Barton et al., 2016). In addition, Barton et al.
(2016) suggested that not only do diatom communities shift in space, their composition is also
changing. As diatoms are an important functional group, climate change driven alterations of
their distribution might have drastic effects on elemental fluxes and food webs. We have shown
that adaptation to high temperature increases the carbon to nitrogen ratio (C:N) (Chapter 3,
Figure 3.3.11). This potentially decreases the nutritional value for zooplankton predators as they
have to feed on more cells to satisfy their N requirement (?). However, this might increase the
carbon draw down by the biological pump to the deep sea, as zooplankton excrete excess carbon.
Furthermore, high temperature adapted Tp had a higher biogenic silica content per surface area
which might cause a greater ballasting effect in marine snow (Klaas and Archer, 2002) and fecal
pellets (Ploug et al., 2008) further enhancing the biological pump. However, ocean warming
related increases in respiration might mitigate this effect (Ragueneau et al., 2006) as the sinking
particles are potentially recycled before they reach the deep sea.
Even though climate change is a global phenomenon, regional changes have been shown to be
highly variable with, for example, much faster warming in the polar regions compared to the
tropical or temperate regions (Graversen et al., 2008; Marinov et al., 2013; Philippart et al.,
2011).
Diatoms prefer colder nutrient-rich regions, such as the temperate and polar Atlantic (Barton
et al., 2015) and might retract further north or become less abundant in the absence of an
evolutionary response. Several studies have investigated the adaptation potential and outcome of
diatoms, coccolithophores, cyanobacteria and green algae, to increases in temperature and ocean
acidification (Benner et al., 2013; Collins and Bell, 2006; Tatters et al., 2013a; Lohbeck et al.,
2012; Hutchins et al., 2015). All studies, and this thesis, showed that phytoplankton is able to
adapt within a year to these specific changes in their environment. However, their adaptation
potential in the ocean might be hindered as climate change is affecting several environmental
parameters at the same time. Nevertheless, phytoplankton communities in the ocean have a high
genetic standing variation and turnover rates potentially providing genetic variants adaptive to
future climate change conditions. Tp and maybe diatoms in general, posses mechanisms to
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increase their genetic diversity through, for example, transposable elements or down-regulation
of mismatch repair pathways (see chapter 4).
However, the presence of species with beneficial genotypes might hinder adaptation of other
species (De Mazancourt et al., 2008) as studies have shown that monocultures respond differently
to selection than mixed communities (Collins, 2011).
5.3 Future work
Experimental evolution is a useful tool to investigate biological responses of phytoplankton
communities to environmental change. Genetic and epigenetic processes of adaptation in
phytoplankton are currently not well understood. However, with more studies in this area of
research, we might be able to better relate the (epi)genotype of phytoplankton to their
phenotypes, which is key for our understanding how the environment shapes the evolution of
microbes and biogeochemical processes they drive.
Allele frequency analysis of all replicated selection lines can pinpoint mutations with high fitness
benefits. Genome re-sequencing enabled us to identify genome-wide SNPs, however we have no
information how genotype frequencies changed and how the genes variants are expressed.
Additionally, allele analysis will provide evidence of novel mutation or genotype sorting, as we
currently do not know whether we selected pre-existing variants or if our phenotypes are based
on novel mutations.
Our data suggest temperature specific expression of different transposon families, potentially
diversifying genotypes. Transposon expression levels reported in chapter 4 might have been high
enough to cause transposition (1000:1 protein:transcript required). Identifying new insertion sites
of transposons might allow correlation with expression of nearby genes or genes the TE inserted
into. This might be key to understand the plasticity of diatoms and therefore their success in
many different environments.
The experimental setup used in this thesis was used to gain mechanistic understanding of
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temperature adaptation and has limited transferability to the natural environment. Nevertheless,
the identified transcriptome profiles and mutations could be used to identify ongoing temperature
stress and potential adaptation in the changing ocean environment. The Sea of Change project
provides metatranscriptomes and -genomes that could be used to investigate temperature
adaptation in the contemporary ocean.
Univariate laboratory experiments with the most influential drivers provide valuable insights,
however, they do not reflect processes in the field. Multivariate experiments allow better
representation of the natural environment, but also make it more difficult to identify the most
important driver. Nevertheless, feedbacks between several environmental factors might cause
different responses than univariate factors. Furthermore, including communities rather than
single species/genotypes in these kind of studies might allow a better understanding of
community responses which could be integrated into current models to allow better prediction of
future phytoplankton communities in the ocean.
5.3.1 From genomes to biomes
Through the advancement of transcriptomics and metatranscriptomics it has become possible to
utilize sequence data in experimental field studies. Gene expression pattern have, so far, been
linked to denitrification in soil (Lennon and Houlton, 2016) and gene abundance in the English
channel to metabolite turnover of microbes (Larsen et al., 2015). In the medical field, gene
expression differences between phenotypic similar tissue cells are used to identify certain types
of cancer before they develop into distinct phenotypes (Jones et al., 2005; Selman et al., 2006).
Thus, identifying the transcriptomic fingerprint of phytoplankton species adapting to
environmental conditions could be used to identify adaptation in the ocean. Measurements of
gene expression in natural phytoplankton communities, mesocosms or microcosms in the
laboratory, for example, allows tracking genes responsive to environmental conditions. Thus,
environmental perturbations could be identified as gene expression patterns before they may lead
to changes in phytoplankton communities. However, our understanding of the plasticity of gene
expression to environmental change and the phenotypic effects is limited, hindering our ability to
predict phytoplankton species and community responses to climate change (Doney et al., 2004).
Experimental evolution experiments combined with omics approaches, as in this thesis, are ideal
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for identifying phenotypic and transcriptomic responses to long-term environmental changes, as
they allow measuring phenotypic trait changes (e.g. fitness, elemental composition, etc.) and the
related transcriptomic fingerprint. Linking trait changes to transcriptome responses can help
refine biogeochemical models and by including adaptive responses, predict potential future
biogeochemical cycles and phytoplankton communities (Litchman et al., 2015). For example, a
trait-based community model approach allows incorporation of trait evolution to changing
environmental conditions which would not be resolved by species-based models (Litchman et al.,
2009; Merico et al., 2009). Kramer 2014 used such trait evolution to model the growth season
onset of trees allowing adaptation to temperature changes. Measuring of phytoplankton traits and
trait evolution to changing environmental conditions would be beneficial to improving trait-based
community models. Gobet et al. (2012) suggested that about 320 species might be the main
drivers of biogeochemical cycles and these would be ideal candidates for experimental evolution
experiments. The parameterization of models based on traits and transcriptomic fingerprints will
be vital in gaining a mechanistic understanding of ecosystem function in the contemporary and
future ocean (Litchman et al., 2015; Boyd et al., 2015b; Delong, 2009).
Chapter 6
Appendix
6.1 Supplementary information for chapter 2
Temperature and salinity showed co-correlation and based on VIF, salinity was excluded from the
environmental metadata for the Fram Strait transect. Because of the co-correlation, salinity and
temperature are interchangeable and both need to be taken into account. Figure 6.1.1 shows the
correlation between salinity and alpha diversity for the Fram Strait transect.
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Figure 6.1.1: Correlation between richness and salinity for Fram Strait transect.
Figure 6.1.2 shows the outcome of RDA model selection when salinity was included instead of
temperature.
Figure 6.1.2: RDA for the Fram Strait transect including salinity instead of temperature
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6.2 Supplementary information for chapter 3
6.2.1 SeaChem Marine SaltTM
Typical ion composition of SeaChem Marine SaltTM is summarized in Table 6.2.1. This mix
was used as the basis of culture medium to which F-strength nutrients were added after Guillard
(1979).
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Table 6.2.1: Typical Ionic Concentrations of Marine SaltTM.
Ion concentration (mg L−1)
Chloride 19,336
Sodium 10,752
Sulfate 2,657
Magnesium 1,317
Potassium 421
Calcium 380
Carbonate,Bicarbonate 142
Strontium 9.5
Boron 16
Bromide 56
Iodide 0.060
Lithium 0.3
Silicon <0.1
Iron 0.0098
Copper 0.0003
Nickel <0.015
Zinc 0.0107
Manganese 0.0023
Molybdenum 0.0098
Cobalt 0.0004
Vanadium <0.015
Selenium <0.019
Rubidium 0.118
Barium 0.04
6.2.2 Reciprocal transplant assay growth curves
Figure 6.2.1 shows growth curves of low and high temperature cultures during the reciprocal
transplant assay. Low temperature replicate 5 (smaller phenotype) had a higher yield when
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reaching stationary phase, however, growth rates showed no significant difference to the other
low temperature replicates.
Figure 6.2.1: Growth curves of selection cultures during reciprocal transplant assay for each
replicate (Tp1-5)
6.2.3 Chlorophyll a calibration curve
Figure 6.2.2: Calibration curve for chlorophyll a concentration calculations.
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6.2.4 Temperature response curve of the 32°C selection lines at two different light
intensities
Figure 6.2.3: Temperature response curve of the high temperature replicate at two different light
intensities.
6.3 Supplementary information for chapter 4
InterPro domain analysis T1 9C down reg
6.4 Publication output
6.4.1 A novel cost effective and high-throughput isolation and identification
method for marine microalgae
This article was published in 2014 in Plant Methods. Martin T. Jahn established a quick and cost
effective isolation and identification method of microalgae collected during the ARK27-1 field
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campaign.
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Table 6.4.1: Overrepresented InterPro domains of down-regulated genes at T1 9°C. P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05
InterPro ID Overrepresented pvalue InterPro description Domain description
IPR002341 8.03E-09 HSF⁄ETS, DNA-binding HSF ETS
IPR000232 1.13E-08 Heat shock factor (HSF)-type, DNA-binding sp HSF1 ARATH P41151
IPR002557 0.001 Chitin binding Peritrophin-A CBM 14
IPR001223 0.001 Glycoside hydrolase, family 18 Glyco hydro 18
IPR011583 0.001 Chitinase II Glyco 18
IPR002110 0.002 Ankyrin ANKYRIN
IPR000726 0.002 Glycoside hydrolase, family 19 sp O50152 STRGR O50152
IPR006970 0.002 PT repeat PT
IPR001579 0.008 Glycoside hydrolase, chitinase active site CHITINASE 18
IPR007197 0.009 Radical SAM Radical SAM
IPR000668 0.010 Peptidase C1A, papain sp Q9ST61 SOLTU Q9ST61
IPR006671 0.015 Cyclin, N-terminal Cyclin N
IPR004843 0.016 Metallophosphoesterase Metallophos
IPR003613 0.019 Zn-finger, modified RING U-box
IPR004835 0.019 Fungal chitin synthase Chitin synth 2
Continued on next page
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Continued from previous page
InterPro ID Overrepresented p-value InterPro description Domain description
IPR006025 0.021 Peptidase M, neutral zinc metallopeptidases, zinc-binding site ZINC PROTEASE
IPR003409 0.021 MORN motif MORN
IPR000583 0.037 Glutamine amidotransferase, class-II GATase 2
IPR002085 0.037 Zinc-containing alcohol dehydrogenase superfamily ADH zinc N
IPR000209 0.037 Peptidase S8 and S53, subtilisin, kexin, sedolisin SUBTILASE ASP
IPR000210 0.037 BTB⁄POZ BTB
IPR000182 0.037 GCN5-related N-acetyltransferase Acetyltransf 1
IPR004184 0.042 Pyruvate formate-lyase, PFL PFL
IPR006090 0.042 Acyl-CoA dehydrogenase, C-terminal Acyl-CoA dh
IPR001989 0.042 Radical-activating enzyme RADICAL ACTIVATING
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Table 6.4.2: Overrepresented InterPro domains of up-regulated genes after 50 generations at 9°C. P-values were adjusted after Benjamin-Hochberg with a
cut-off of 0.05.
InterPro ID Overrepresented p-value InterPro description Domain description
IPR006311 0.003 Twin-arginine translocation pathway signal TAT signal seq
IPR006073 0.004 GTP1⁄OBG GTP1OBG
IPR004161 0.008 Elongation factor Tu, domain 2 GTP EFTU D2
IPR005289 0.010 GTP-binding MG442
IPR000051 0.011 SAM (and some other nucleotide) binding motif SAM BIND
IPR000836 0.014 Phosphoribosyltransferase Pribosyltran
IPR002300 0.014 Aminoacyl-tRNA synthetase, class Ia tRNA-synt 1
IPR000886 0.016 Endoplasmic reticulum targeting sequence ER TARGET
IPR001179 0.019 Peptidylprolyl isomerase, FKBP-type FKBP C
IPR002067 0.019 Mitochondrial carrier protein MITOCARRIER
IPR001478 0.027 PDZ⁄DHR⁄GLGF PDZ
IPR002125 0.028 Cytidine⁄deoxycytidylate deaminase, zinc-binding region dCMP cyt deam
IPR008775 0.029 Phytanoyl-CoA dioxygenase PhyH
IPR006204 0.034 GHMP kinase GHMP kinases
IPR000357 0.035 HEAT HEAT REPEAT
Continued on next page
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InterPro ID Overrepresented p-value InterPro description Domain description
IPR001241 0.035 DNA topoisomerase II TPI2FAMILY
IPR001697 0.035 Pyruvate kinase sp Q9A6N6 CAUCR Q9A6N6
IPR002205 0.035 DNA gyrase⁄topoisomerase IV, subunit A sp TOP2 YEAST P06786
IPR005841 0.035 Phosphoglucomutase⁄phosphomannomutase PGMPMM
IPR005844 0.035 Phosphoglucomutase⁄phosphomannomutase alpha⁄beta⁄alpha domain I PGM PMM I
IPR005845 0.035 Phosphoglucomutase⁄phosphomannomutase alpha⁄beta⁄alpha domain II PGM PMM II
IPR011558 0.035 DNA gyrase B sp TOP2 ARATH P30182
172
A
ppendix
Table 6.4.3: Overrepresented InterPro domains of down-regulated genes at TE 9°C. P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID Overrepresented pvalue InterPro description Domain description
IPR000232 2.93E-06 Heat shock factor (HSF)-type, DNA-binding sp HSF1 ARATH P41151
IPR002341 2.93E-06 HSF⁄ETS, DNA-binding HSF ETS
IPR000413 5.40E-05 Integrins alpha chain INTEGRIN ALPHA 2
IPR002068 8.88E-05 Heat shock protein Hsp20 HSP20
IPR006663 0.001 Thioredoxin domain 2 THIOREDOXIN 2
IPR006662 0.002 Thioredoxin-related THIOREDOXIN
IPR000209 0.003 Peptidase S8 and S53, subtilisin, kexin, sedolisin SUBTILASE ASP
IPR001107 0.004 Band 7 protein Band 7
IPR002625 0.004 Smr protein⁄MutS2 C-terminal Smr
IPR005123 0.006 2OG-Fe(II) oxygenase superfamily 2OG-FeII Oxy
IPR001140 0.008 ABC transporter, transmembrane region ABC membrane
IPR000886 0.012 Endoplasmic reticulum targeting sequence ER TARGET
IPR003998 0.013 Twin-arginine translocation protein TatB TATBPROTEIN
IPR006970 0.014 PT repeat PT
IPR003590 0.022 Leucine-rich repeat, ribonuclease inhibitor subtype LRR RI
Continued on next page
6.4
Publication
output
173
Continued from previous page
InterPro ID Overrepresented pvalue InterPro description Domain description
IPR006620 0.024 Prolyl 4-hydroxylase, alpha subunit P4Hc
IPR008454 0.027 Cna B-type Cna B
IPR006050 0.030 DNA photolyase, N-terminal DNA photolyase
IPR001576 0.031 Phosphoglycerate kinase PHGLYCKINASE
IPR002939 0.032 Chaperone DnaJ, C-terminal DnaJ C
IPR011594 0.033 Thioredoxin-like sp Q9ZR86 MAIZE Q9ZR86
IPR001023 0.040 Heat shock protein Hsp70 sp DNAK ODOSI P49463
IPR003613 0.041 Zn-finger, modified RING U-box
IPR001849 0.041 Pleckstrin-like PH
IPR000595 0.042 Cyclic nucleotide-binding cNMP binding
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Table 6.4.4: Overrepresented InterPro domains of up-regulated genes at TE 9°C. P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID Overrepresented p-value InterPro description Domain description
IPR005804 3.35E-04 Fatty acid desaturase FA desaturase
IPR010257 7.32E-04 Fatty acid desaturase subdomain sp Q84KI8 PHATR Q84KI8
IPR008917 0.002 Eukaryotic transcription factor, DNA-binding
A DNA-binding domain in
eukaryotic transcription factors
IPR002076 0.002 GNS1⁄SUR4 membrane protein ELO
IPR001092 0.006 Basic helix-loop-helix dimerisation region bHLH HLH
IPR002067 0.007 Mitochondrial carrier protein MITOCARRIER
IPR000014 0.009 PAS PAS
IPR005172 0.011 Tesmin⁄TSO1-like, CXC CXC
IPR001199 0.012 Cytochrome b5 Cyt-b5
IPR006210 0.025 Type I EGF EGF
IPR000804 0.039 Clathrin adaptor complex, small chain Clat adaptor s
IPR003299 0.039 Flagellar calcium-binding protein (calflagin) CALFLAGIN
IPR000837 0.039 Fos transforming protein LEUZIPPRFOS
IPR010527 0.039 Photosystem II 12 kDa extrinsic PsbU
Continued on next page
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InterPro ID Overrepresented p-value InterPro description Domain description
IPR003697 0.040 Maf-like protein Maf
IPR009631 0.040 Protein of unknown function DUF1230 DUF1230
IPR001104 0.040 3-oxo-5-alpha-steroid 4-dehydrogenase, C-terminal S5A REDUCTASE
IPR001899 0.040 Surface protein from Gram-positive cocci, anchor region LPXTG anchor
IPR003042 0.041 Aromatic-ring hydroxylase RNGMNOXGNASE
IPR005322 0.041 Peptidase U34, dipeptidase Peptidase U34
IPR002606 0.041 Riboflavin kinase ⁄FAD synthetase sp Q9CQ95 MOUSE Q9CQ95
IPR000961 0.041 Protein kinase, C-terminal S TK X
IPR003834 0.041 Cytochrome c biogenesis protein, transmembrane region DsbD
IPR000385 0.041 MoaA⁄nifB⁄pqqE MOAA NIFB PQQE
IPR010505 0.041 Molybdenum cofactor synthesis C Mob synth C
IPR001087 0.041 Lipolytic enzyme, G-D-S-L LIPASE GDSL
IPR004097 0.041 DHHA2 DHHA2
IPR000277 0.041 Cys⁄Met metabolism pyridoxal-phosphate-dependent enzymes Cys Met Meta PP
IPR004803 0.041 Queuine tRNA-ribosyltransferase Q tRNA tgt
IPR001313 0.041 Pumilio⁄Puf RNA-binding PUF
Continued on next page
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InterPro ID Overrepresented p-value InterPro description Domain description
IPR006641 0.042 Ribonuclease RNase H fold containing YqgFc
IPR010402 0.043 CCT CCT
IPR003392 0.044 Patched Patched
IPR000232 0.044 Heat shock factor (HSF)-type, DNA-binding sp HSF1 ARATH P41151
IPR002790 0.044 Protein of unknown function DUF88 DUF88
IPR002049 0.045 Laminin-type EGF-like EGFLAMININ
IPR000884 0.046 Thrombospondin, type I TSP 1
IPR001294 0.046 Phytochrome PHYTOCHROME
IPR003661 0.046 Histidine kinase A, N-terminal HisKA
IPR011072 0.046 Protein kinase PKN⁄PRK1, effector Effector domain of the protein kinase pkn⁄prk1
IPR001258 0.046 NHL repeat NHL
IPR000086 0.049 NUDIX hydrolase NUDIXFAMILY
IPR001993 0.049 Mitochondrial substrate carrier Mito carr
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Table 6.4.5: Overrepresented InterPro domains of down-regulated genes at TE 32°C. P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID Overrepresented pvalue InterPro description Domain description
IPR000232 2.34E-06 Heat shock factor (HSF)-type, DNA-binding sp HSF1 ARATH P41151
IPR002341 5.02E-06 HSF⁄ETS, DNA-binding HSF ETS
IPR006671 2.37E-05 Cyclin, N-terminal Cyclin N
IPR002557 0.001 Chitin binding Peritrophin-A CBM 14
IPR001347 0.001 Sugar isomerase (SIS) SIS
IPR004835 0.002 Fungal chitin synthase Chitin synth 2
IPR000726 0.003 Glycoside hydrolase, family 19 sp O50152 STRGR O50152;
IPR001199 0.004 Cytochrome b5 Cyt-b5
IPR004367 0.008 Cyclin, C-terminal Cyclin C
IPR003607 0.008 Metal-dependent phosphohydrolase, HD region HDc
IPR006670 0.009 Cyclin CYCLIN
IPR001107 0.010 Band 7 protein Band 7
IPR001810 0.012 Cyclin-like F-box FBOX
IPR001353 0.013 20S proteasome, A and B subunits Proteasome
IPR006662 0.017 Thioredoxin-related THIOREDOXIN
Continued on next page
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InterPro ID Overrepresented p-value InterPro description Domain description
IPR003961 0.018 Fibronectin, type III fn3
IPR002625 0.019 Smr protein⁄MutS2 C-terminal Smr
IPR006970 0.019 PT repeat PT
IPR000192 0.020 Aminotransferase, class V Aminotran 5
IPR001254 0.020 Peptidase S1, chymotrypsin Trypsin
IPR001865 0.022 Ribosomal protein S2 RIBOSOMAL S2 1
IPR006663 0.022 Thioredoxin domain 2 THIOREDOXIN 2
IPR004843 0.027 Metallophosphoesterase Metallophos
IPR007125 0.028 Histone core Histone
IPR001579 0.033 Glycoside hydrolase, chitinase active site CHITINASE 18
IPR000583 0.037 Glutamine amidotransferase, class-II GATase 2
IPR007124 0.038 Histone-fold⁄TFIID-TAF⁄NF-Y HIST TAF
IPR001223 0.040 Glycoside hydrolase, family 18 Glyco hydro 18
IPR011583 0.040 Chitinase II Glyco 18
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Table 6.4.6: Overrepresented InterPro domains of up-regulated genes at TE 32°C. P-values were adjusted after Benjamin-Hochberg with a cut-off of 0.05.
InterPro ID Overrepresented pvalue InterPro description Domain description
IPR001283 3.07E-05 Allergen V5⁄Tpx-1 related sp Q8S9B6 EEEEE Q8S9B6
IPR006970 0.002 PT repeat PT
IPR005804 0.002 Fatty acid desaturase FA desaturase
IPR001993 0.004 Mitochondrial substrate carrier Mito carr
IPR001104 0.004 3-oxo-5-alpha-steroid 4-dehydrogenase, C-terminal S5A REDUCTASE
IPR002068 0.005 Heat shock protein Hsp20 HSP20
IPR001952 0.009 Alkaline phosphatase ALKALINE PHOSPHATASE
IPR001296 0.018 Glycosyl transferase, group 1 Glycos transf 1
IPR003672 0.027 CobN⁄magnesium chelatase CobN-Mg chel
IPR006061 0.028 Bacterial extracellular solute-binding protein, family 1 domain SBP BACTERIAL 1
IPR000523 0.028 Magnesium chelatase, ChlI subunit Mg chelatase
IPR001341 0.029 Aspartate kinase asp kinases
IPR003091 0.029 Voltage-dependent potassium channel KCHANNEL
IPR002350 0.030 Proteinase inhibitor I1, Kazal Kazal 1
IPR011497 0.030 Protease inhibitor, Kazal-type Kazal 2
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InterPro ID Overrepresented p-value InterPro description Domain description
IPR006667 0.031 MgtE integral membrane region MgtE
IPR001834 0.031 NADH:cytochrome b5 reductase (CBR) CYTB5RDTASE
IPR000740 0.032 GrpE protein GRPEPROTEIN
IPR009249 0.032 Ferredoxin-dependent bilin reductase Fe bilin red
IPR001148 0.032 Carbonic anhydrase, eukaryotic sp Q9ZK30 HELPJ Q9ZK30
IPR006076 0.040 FAD dependent oxidoreductase DAO
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Abstract 
Background 
Marine microalgae are of major ecologic and emerging economic importance. 
Biotechnological screening schemes of microalgae for specific traits and laboratory 
experiments to advance our knowledge on algal biology and evolution strongly benefit from 
culture collections reflecting a maximum of the natural inter- and intraspecific diversity. 
However, standard procedures for strain isolation and identification, namely DNA extraction, 
purification, amplification, sequencing and taxonomic identification still include considerable 
constraints increasing the time required to establish new cultures. 
Results 
In this study, we report a cost effective and high-throughput isolation and identification 
method for marine microalgae. The throughput was increased by applying strain isolation on 
plates and taxonomic identification by direct PCR (dPCR) of phylogenetic marker genes in 
combination with a novel sequencing electropherogram based screening method to assess the 
taxonomic diversity and identity of the isolated cultures. For validation of the effectiveness of 
this approach, we isolated and identified a range of unialgal cultures from natural 
phytoplankton communities sampled in the Arctic Ocean. These cultures include the isolate 
of a novel marine Chlorophyceae strain among several different diatoms. 
Conclusions 
We provide an efficient and effective approach leading from natural phytoplankton 
communities to isolated and taxonomically identified algal strains in only a few weeks. 
Validated with sensitive Arctic phytoplankton, this approach overcomes the constraints of 
standard molecular characterisation and establishment of unialgal cultures. 
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6.4.2 The role of phenotypic plasticity and epigenetics in experimental evolution
with phytoplankton
This mini-review was published in 2016 in Perspectives in Phycology. Parts of it were included in
the general introduction.
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With 2 figures
Abstract: Phytoplankton experience multiple, simultaneous and interacting changes in their environment, which affect primary produc-
tion, community composition and biogeochemical cycles. Many environmental fluctuations occur on short timescales, requiring plastic 
phenotypes for appropriate physiological responses. Although there is evidence for high phenotypic plasticity in phytoplankton, the under-
lying mechanisms and their role for evolutionary responses remain elusive but are essential for predicting how phytoplankton respond to 
climate change. Elucidating the molecular basis of sensing environmental changes and subsequent regulation of plasticity including epige-
netics will provide new insights into reaction norms and therefore how species tolerate, persist and eventually adapt to changing environ-
mental conditions. Quantifying the role of phenotypic plasticity in phytoplankton for adaptation is an increasingly important field of 
research in experimental evolution.
Keywords: Experimental evolution, phytoplankton, epigenetics, phenotypic plasticity, adaptation, microalgae, ocean
Introduction
Experimental evolution (EE) approaches are increasingly 
used to investigate evolutionary processes of organisms to 
controlled experimental conditions and can be applied to 
study several facets of adaptation and evolution (e.g. estimate 
mutation rates or evaluate evolutionary theories and con-
cepts) (Kawecki et al. 2012). Examples of EE experiments 
include studies on organisms ranging all three domains of 
life: Bacteria, Archaea and Eukaryota (e.g. Chlamydomonas 
reinhardtii); (e.g. Bell 1997; Ratcliff et al. 2013; Collins & 
De Meaux 2009; Perrineau et al. 2013), Escherichia coli (e.g. 
Plucain et al. 2014; Lenski et al. 1991; Blount et al. 2012), 
Saccharomyces cerevisiae (e.g. Lewis et al. 1995; Dhar 
et al. 2011; Ratcliff et al. 2012), Arabidopsis thaliana (e.g. 
Bond & Baulcombe 2015; Rahavi 2011; Blödner et al. 2007) 
and Drosophila melanogaster (e.g. Azevedo et al. 2015; 
Burke et al. 2010) shading light on the general processes but 
also specific outcomes of evolution. More recently, research-
ers have started to use EE approaches to provide insight into 
phytoplankton responses to climate change.
Marine phytoplankton contributes about 50% of annual 
global carbon fixation and form the basis of most marine 
food webs (Falkowski et al. 2008; Field 1998). Furthermore, 
major functional groups of phytoplankton play important 
roles in elemental cycles as carbon fixers, nitrogen fixers, 
calcifyers and silicifyers (Tréguer et al. 1995). Under cur-
rent climate change, phytoplankton experience multiple, 
simultaneous and interacting changes (Boyd et al. 2015) 
in their environment, which affect primary production, 
community composition and biogeochemical cycles. How 
phytoplankton respond to climate change depends on their 
phenotypic plasticity (the ability of a single genotype to 
produce multiple phenotypes) and adaptation (via novel 
genetic changes) of organisms within populations which 
ultimately results in species sorting that affects the composi-
tion of the phytoplankton community (Fig. 1). Quantifying 
the role each response plays in phytoplankton adaptation to 
climate change is an increasingly important field of research 
in experimental evolution.
The ability of phytoplankton to respond to climate change 
on the level of an individual cell can be largely considered 
by taking into account their genetic repertoire that under-
pins the initial response to a change in environmental con-
ditions and therefore the degree of phenotypic plasticity. 
Larger genomes contain a higher diversity and redundancy 
of genes and therefore enable the expression of multiple phe-
notypes from a single genotype (high phenotypic diversity) 
eschweizerbart_xxx
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6.4.3 A cell wall protein underlies cell size in centric diatoms
This article is currently under review at ISME. Parts of the results presented in chapter 3 and 4 are
included in this paper.
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Abstract 1 
The size of an organism is the consequence of evolutionary adaptation. However, 2 
mechanisms of cell size regulation are not well understood in any cell type, and most known 3 
mechanisms relate to the timing of cell division to determine cell length, leaving the control of cell 4 
diameter unexplained. Here, a combination of reverse genetics, experimental evolution and RNA-5 
sequencing enabled us to identify that a cell wall protein (Silacidin) determines the cell diameter of 6 
diverse and ecologically significant centric diatoms. In phytoplankton, size underlies ecological 7 
functioning through its influence on nutrient uptake capability and sinking rates as a function of 8 
surface area to volume ratio. The regulation of this gene depends on nutrient availability and 9 
temperature in the model diatom Thalassiosira pseudonana, creating larger cell diameters by down-10 
regulating the gene in selection experiments under low temperature and increased nutrients. The 11 
association of cell size with these physical parameters have long been predicted by paleo and 12 
comparative ecosystem studies of phytoplankton communities. 13 
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